Strengthening of Soda-Borosilicate Glasses by Ion Exchange Processes by Talimian, Ali
 
Doctoral School in Materials, Mechatronics  
and Systems Engineering 
 
Strengthening of Soda-Borosilicate Glasses by Ion 
Exchange Processes 
 
Ali Talimian 
 
 
 
December 2016 
   
 
 
X
X
IX
 c
y
c
le
 
  
 STRENGTHENING OF SODA-BOROSILICATE GLASSES BY ION 
EXCHANGE PROCESSES 
 
 
Ali Talimian 
E-mail:ali.talimian@unitn.it 
 
 
 
Approved by: 
Prof. Vincenzo M. Sglavo, Advisor 
Department of Industrial Engineering 
University of Trento, Italy. 
 
 
 
 
 
Ph.D. Commission: 
Prof.  Gian Domenico Soraru, 
Department of Industrial Engineering, 
University of Trento, Italy. 
 
Prof. Rodrigo Moreno, 
Instituto de Ceramica y Vidrio CSIC, 
Madrid, Spain. 
 
Prof.  Enrico Bernardo, 
Department of Industrial Engineering 
University of Padova, Italy.
 
 
 
 
University of Trento, 
Department of Industrial Engineering 
 
December 2016 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
University of Trento - Department of 
Industrial Engineering 
 
Doctoral Thesis 
 
Ali Talimian 2016 
Published in Trento (Italy) – by University of Trento 
 
ISBN: - - - - - - - - - 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
To my family  
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
 
 
 
 
 
 
 
 
 
i 
 
Abstract: 
 
Flexible electronics and displays rely on strong thin borosilicate glasses. Furthermore, 
borosilicate glass play a vital role in pharmaceutical packaging, particularly for the 
container of liquid medicine in the auto-injectors. Because of the risk of failure due to 
the fracture of the glass ampule the costumers need to purchase several units of auto-
injector; also, the injector price increases dramatically. This renewed the interest in the 
strengthening of soda-borosilicate glass. Moreover, the applications of strong thin 
borosilicate glasses in flexible electronics attracted attention. Chemical strengthening 
is a practical means of improving the mechanical performance of soda borosilicate 
glasses.  
The chemical strengthening process involves the immersion of an alkali-silicate glass 
in a molten nitrate salt containing potassium ions at temperatures below the glass-
transition temperature where the replacement of small alkali ions in the glass with 
larger potassium ions from the molten salt occurs. The glass composition, salts 
impurities, temperature and time, are crucial factors of the treatment. Furthermore, 
applying an electric field can speed up the process and improves the efficiency. This 
study investigates the impact of potassium for sodium ion exchange and its 
parameters on the final strength of alkali borosilicate glasses. 
Alkali borosilicate tubes, used in pharmaceutical packaging, were subjected to ion 
exchange in potassium nitrate salts containing different impurities. The initial surface 
flaws have a significant impact on the final strength due to the limited case depth of 
surface compression in alklai borosilicate glass subjected to ion exchange. 
Nonetheless, the results revealed that the sodium poisoning of salt has a limited 
influence on strengthening; conversely, even a small amount of calcium spoils the 
strengthening. The replacement of sodium ions with calcium is thermodynamically 
favoured with respect to Na/K ion-exchange. Calcium can penetrate into the glass 
surface and prevent the replacement of sodium with potassium and, consequently, the 
generation of compressive stress.  
Interestingly, performing electric field assisted ion exchange, EF-IE,  for 10 min 
produces an ion-exchanged layer as deep as conventional strengthening for 4 hours 
in soda borosilicate glass. Electric field assisted ion exchange also augments the glass 
strength and makes the glass more damage resistant; however, the initial defects on 
the glass surface have an adverse influence on the efficiency, as expected.  
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Applying an electric field changes the governing mechanism of ion exchange and 
accelerates the penetration of potassium ions into the glass; furthermore, the glass 
structure of the layer undergone electric field assisted ion exchange is modified during 
the process. Although EF-IE generates a strong surface compression in glass, the 
inhomogeneous distribution of residual stress is a drawback. Performing EF-IE using 
AC E-fields produces homogenous ion-exchanged layers in glass and is, probably, a 
practical approach to balancing the residual stress in glass.  
Chemical strengthening of a thin alkali-borosilicate glass ,D 263 Teco®, is also 
investigated in the present work.  Na/K ion exchange improves the glass strength three 
times. Although the surface compression generated by ion-exchange in alkali 
borosilicate glasses is not as strong as typically used glasses for chemical 
strengthening ( alklai aluminosilicate), it can be used to improve the mechanical 
properties of borosilicate glass. Annealing prior to the ion exchange increases the 
compressive stress generated on the surface; however, its effect on strengthening is 
trivial.  
The compressive stress produced by Na/K ion exchange in thin alkali borosilicate 
glass improves the damage resistance and the bending strength of glass. Due to the 
limited thickness of samples, heat treatments with high heating and cooling rates can 
be conducted. Such heat treatments can be used to carry out surface relaxation and 
improve the strength of samples by “surface relaxation”. A fast heat treatment after ion 
exchange improves the finals strength samples about 40%.  
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Chapter I.  
 
Introduction 
 
Glass is the strongest human-made material, but the surface defects introduced during 
the fabrication decrease the strength by two order of magnitude lower than the pristine 
glass [1-7]. The glass strength is unreliable since it depends on the measurement 
method [8, 9]; for example, a set of glass bars can have an average strength around 
150 MPa, but the standard deviation is 50 MPa [10]. According to Griffith’s theory 
about the failure of brittle materials, such as glasses and ceramics, the mechanical 
strength depends on the shape and size of surface flaws [8, 9, 11, 12]. The flaws 
dramatically deteriorate the theoretical strength of glass. The classic Griffith equation 
for the fracture of brittle materials can be applied to show the impact of flaws on the 
fracture stress, f, of glass [13]: 
𝜎𝑓 =
𝐾𝐼𝐶𝑌
√𝑐
    (1.1) 
where KIC is the fracture toughness , c the crack length and Y is a constant relating to 
the flaw geometry. Generally, this equation shows that f is proportional to the inverse 
square root of flaw size. By considering Y=-1/2 in Eq. 1.1, Kurkjian, C.R. has presented 
a comprehensive fracture stress against flaw size diagram, which illustrates typical 
values of practical glass strength and the flaw size at fracture [14, 15]. Figure I-1 shows 
the influence of flaws on the strength of borosilicate glass using Kurkjian diagram. 
The flaws produced during the handling of glass extend from few microns to about 20 
microns and decrease the strength to one tenth of expected values (50-200 MPa vs. 
1-2 GPa) ; moreover, some deep defects can exist in articles, which account for  the 
scattered and unreliable strength [13].  
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Figure I-1 Glass strength against the size of flaw presented on the glass, Kurkjian diagram.  
Glass properties are also a function of chemical composition and thermal history; 
therefore, the properties such as mechanical strength can be improved by modifying 
the chemical composition of either bulk or surface [7, 16]. Several techniques can be 
implemented in order to recover the glass strength; Table 1 summarises the 
techniques used for improving the glass mechanical performance [2-4, 17]. Among 
those methods mentioned in Table 1, thermal tempering and chemical strengthening 
are the most commercialised methods for structural and electronic applications [2]. 
Both techniques in principle rely upon producing a compressive stress on the glass 
surface that prevents the formation and propagation of the flaws and cracks.  
Thermal tempering is based on cooling rate gradient across the glass thickness and 
the production of glasses with different fictive temperatures [18]. This technique is 
conducted by a rapid cooling from a temperature above the glass-transition 
temperature. Therefore, this treatment procedure is not applicable to the glasses with 
low thermal expansion or complex shape like hollow shape or thin glasses ( thinner 
than 2 mm) [3, 18].  In fact, thermal tempering is limited to window glass and rarely 
can be applied for new glass applications like flexible electronics.  
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Table 1 commercial methods used in modification and post processing of silicate glasses [19] 
Removing the surface 
flaws 
Surface coating Modifying the surface 
Mechanical 
Grinding 
Plasma 
Ion plating 
Diffusion 
Glass-staining 
Polishing Ion implanting 
Optical 
waveguide 
Water 
jet/sand 
blasting 
PE-CVD Antibacterial 
Chemical 
Etching 
Gas Phase 
PVD DE alkalization 
Forested 
glass 
CVD  
Thermal Fire polishing 
Liquid/Solid 
Phase 
Paint 
Strengthening 
Thermal 
Chemical 
Glazing 
CVD 
 
Ion exchange strengthening, also known as chemical strengthening, has several 
advantageous over thermal tempering: the most important feature of the chemical 
strengthening is that the glass can be strengthened almost regardless of its geometry. 
Furthermore, the surface compression is significantly larger than the other mentioned 
strengthening methods [1, 4, 20, 21]. This technique is the only method that can be 
done in order to improve the mechanical properties of borosilicate glasses used in 
pharmaceutical applications [22, 23].  
Ion exchange has been used since centuries ago to modify the optical properties of 
glass, i.e. colour [24, 25]. However, chemical strengthening was introduced as an 
avenue towards improving the mechanical properties of alkali-containing glasses in 
the 1970s [26-30]. Chemical strengthening has been used in different applications 
such as windshields, governmental buildings and hurricane resistant windows [31]. 
The thin flexible glasses produced by chemical strengthening have been in the 
vanguard of strong-glass development since the flexible electronics and portable 
devices were introduced.  
In chemical strengthening a compressive stress is generated in the surface of the glass 
immersed in a molten salt containing larger alkali ions. The generation of compressive 
stress in the surface of glass is due to stuffing larger alkali ions into the site of smaller 
alkalis; therefore, the compression depends directly on the amount of the exchanged 
ions. The process takes place by the inter-diffusion of ions; consequently, the depth 
of exchanged layer, as a determining parameter for strengthening, depends on the 
time and the temperatures of treatments [16, 20, 21].   
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 Ion Exchange in Glass 
Chemical strengthening involves the swop of alkali ions between a molten salt and the 
glass surface followed by the inter-diffusion of ions in the glass. In order to understand 
the chemical strengthening, we , first, need to review the mechanics of diffusion 
process in the glass structure [7, 16, 32].  
1.1.1  Glass structure  
The structure of silicate glass can be described by a continuous network of silicon-
oxygen tetrahedral units linked together at corners. In multicomponent silicate glasses, 
some cations can substitute silicon in the silicon-oxygen network; for example, 
introducing alkali and alkaline earth elements (the modifiers) the continuous network 
is broken up, which is resulting in a decrease in glass viscosity [7, 16, 33]. 
Nevertheless, the backbone of the new glass remains similar to the silica glass, which 
is containing a continuous network of silicon-oxygen tetrahedral units. In such a 
network, some oxygens are bonded to two silicon ions and some to one.  The network 
modifiers are distributed throughout the glass and, therefore, the glass structure can 
be considered as a solid fabric of  structural units allowing the movement of mobile 
elements, such as the alkali ions; consequently, the transfer of alkali ions can be 
described by the similar principals to heat conduction in solids [34, 35]. Glass can be 
considered as an isotropic medium in which physical and chemical properties are 
independent of direction; therefore, the movement of alkali ions can also be 
considered as an isotropic phenomenon. 
 
Figure I-2 alkali-glass structure 
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1.1.2  Diffusion in glass  
By assuming glass as an isotropic permeable material to alkali ions, it is possible to 
apply Fick’s law, Eq. 1.2, to describe the flux of ions in the glass structure [3, 34]. The 
flux of diffusing species is against the direction of the chemical potential gradient in 
the glass as illustrated in Figure I-3.  
𝐽𝑥 = −𝐷
𝜕𝐶
𝜕𝑥
         (1.2) 
where Jx is the flux of ions and c being their concentration. D, the proportionality factor, 
is the self-diffusion coefficient. The process continuous towards establishing an 
equilibrium in chemical potential gradient, which is usually considered by the chemical 
concentration gradient. The law can be expanded for three-dimensional systems 
which lies out of the interest of this report and can be easily found in the textbooks [34-
37].  
 
Figure I-3. Relative driving force, chemical potential, and concentration of alkali actions involved 
in ion exchange (Note: the graph is not to scale)  
The concentration variations against time and location are related to each other via 
Fick’s second law as given by Eq. 1.3. D is usually considered independent of the 
concentration and constant; however,  D is reported to be also composition dependent 
in long treatments [32, 38-40]. In practice, in short treatments like what we are 
6 
 
interested in, the diffusion coefficient is assumed constant and, therefore, Eq 1.3.-a 
can be written in the simple form of Eq 1.3.b [3].  
𝜕𝑐
𝜕𝑡
= ∇. (𝐷∇𝑐)           (1.3-a) 
𝜕𝑐
𝜕𝑡
= 𝐷
𝜕2𝑐
𝜕𝑥2
                 (1.3-b) 
The mobility of ions and diffusion coefficient depend on temperature [41-44]. By 
increasing the temperature, the diffusion coefficient becomes larger which is 
discussed later on.  
 Thermodynamics and Kinetics of Ion Exchange 
Ion exchange is typically conducted by using a molten salt bath containing the alkali 
cations, an oxide layer or a metallic coating on the surface of the glass. The methods 
using coatings as the source of cations are less popular for the mechanical 
applications and usually used in optical applications [1, 17].  
As mentioned above, the most common technique for ion exchange is conducted by 
immersing glass in a molten salt containing a significant amount of cations desired to 
take the place of the glass alkali ions. A schematic draw of the process for replacing 
sodium in the glass with potassium is shown in Figure I-4. The process can be 
considered as a series of mass transfer steps including: the convection stirring of salt 
in the bath, the movement of sodium and potassium in the static layer of salt adjacent 
the glass surface, swopping sodium with potassium on the glass surface, potassium 
exchange for sodium and the interdiffusion of alkali ions in the glass.  
 
Figure I-4 Schematic draw of potassium-sodium ion exchange conducted in molten salt. Abs. 
layer represents the layer formed near the surface of immersed glass and the cations absorbed 
to the surface. Diff. layer is produced because of the local E-Field of Abs. layer. It is worth to 
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mention that the progress of ion exchange depends on the diffusion of cations through these 
layers 
The whole process can also considered as a chemical reaction between glass and salt 
in which the salts cations, i.e. K+, are taking the place of the glass alkalis such as 
lithium and sodium. Eq. 1.4 presents the reaction describing the exchange of 
monovalent cations between glass and salt [45]. This equation will be refereed to 
estimate salt-glass equilibrium.   
𝐴𝑠𝑎𝑙𝑡
+ + 𝐵𝑔𝑙𝑎𝑠𝑠
+ ⇌ 𝐴𝑔𝑙𝑎𝑠𝑠
+ + 𝐵𝑠𝑎𝑙𝑡
+      (1.4) 
 Glass-Salt Equilibrium  
The ion exchange, Eq. 1.4, proceeds by the transfer of alkali ions through each step 
presented in Figure I-4. In industry, the changes in the salt’s composition during ion 
exchange is negligible because of the large volume of salt compared to the glass 
articles; such an approximation may fail in particular practices [46]. Therefore, how the 
substituting ions’ concentration changes on the surface by the salt composition 
matters.  
It is assumed that if a piece of glass is immersed in the salt, the equilibrium between 
the glass surface and salt is established immediately. By considering Eq. 1.4, Garfinkel 
reported a sigmoidal increase of A ions in the glass surface against the same ion 
concentration in the bath [47]. Araujo explained this behaviour by using the 
thermodynamic requirements of equilibrium between the surface and the salt as 
described below [45, 48].  
The ion exchange reaction becomes into equilibrium when the chemical potentials 
difference of the involved ions in either system is the same [48, 49], Eq. 1.6.  
𝜇𝐴
𝑔𝑙𝑎𝑠𝑠
− 𝜇𝐴
𝑏𝑎𝑡ℎ = 𝜇𝐵
𝑔𝑙𝑎𝑠𝑠
− 𝜇𝐵
𝑏𝑎𝑡ℎ         (1.5) 
The chemical potential of an element of interest in a phase at a certain temperature, 
T, can be calculated by Eq 1.6:  
𝜇𝑖 =
𝜕(−𝑘𝑇𝑙𝑛𝑄)
𝜕𝑁𝑖
                                        (1.6) 
where Q being the partition function, N the number of ions. And, K is the Boltzmann 
constant:  
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𝑄 = 𝑞𝐴
𝑁𝐴𝑞𝐵
𝑁𝐵 ∑ Ω(𝑁𝐴, 𝑁𝐵, 𝐸(𝑁𝐴𝐵))exp⁡(
−𝐸(𝑁𝐴𝐵)
𝑘𝑇
)𝑁𝐴𝐵                              (1.7) 
where qi is the partition function of the phase of interest (glass or salt) when it contains 
only ions of i; the mixing energy must also be considered in the partition function when 
the both types of monovalent ions are present. The summation part of Eq. 1.7 
represents all possible values of interaction energy. , the number of states of a 
particular interaction, cannot be evaluated in complex systems; however, in a one-
dimension system where the ions are only interacting with the neighbour ions, it can 
be estimated; the detailed calculations are reported in literature [45, 46].  By using the 
molar concentration of elements Xi and  considering the bond strength varying in either 
phase, the equilibrium constant, Keq, is given by:  
𝐾𝑒𝑞 = (
𝑋𝐴
𝑔𝑙𝑎𝑠𝑠
𝑋𝐵
𝑏𝑎𝑡ℎ
𝑋𝐵
𝑔𝑙𝑎𝑠𝑠
𝑋𝐴
𝑏𝑎𝑡ℎ
)𝐹(𝑏𝑎𝑡ℎ)𝐹(𝑔𝑙𝑎𝑠𝑠) =
𝑞𝐴
𝑔𝑙𝑎𝑠𝑠
𝑞𝐵
𝑏𝑎𝑡ℎ
𝑞𝐵
𝑔𝑙𝑎𝑠𝑠
𝑞𝐴
𝑏𝑎𝑡ℎ
                        (1.8) 
Helmholtz free energy, F, is a function of the interactions between the elements of 
phases. When the salt composition and temperature are fixed, the system’s degree of 
freedom becomes zero; in other words, there is a unique glass surface composition in 
equilibrium with the salt at a definite temperature and salt composition. One can expect 
that the difference of bonding energies in each phase (the difference of chemical 
potentials) is important rather than the bonding energy itself; besides, the polarizability 
of cations is weaker than the anions in oxide glasses. Therefore, the polarisation of 
anions by near alkali ions might determine the interaction energy; such assumption is 
fairly in agreement with Garfinkel’s experimental data [47, 50].   
The equilibrium between the glass surface and salt, determined by thermodynamics, 
contributes to ion exchange progress by two means: first, it defines the surface 
concentration of stuffed ions. Secondly, the diffusion is driven by the chemical driving 
force dependent on the equilibrium.  
 Alkali ions diffusion in glass  
As mentioned above, the diffusion of alkali ions is one of the fundamental steps in ion 
exchange. Swapping of ions occurs by the penetration of the salt cation inward the 
glass and diffusion of the glass cations outward the glass; it is worth to have a closer 
look on the formulation of the diffusion of ions in glass. The electric charge and mass 
balance and, hence, the flux of ions are the first requirements of ion exchange process; 
the equal flux gradient satisfies the charge neutrality requirement:  
∇. 𝐽𝐴 + ∇. 𝐽𝐵 = 0                                 (1.9) 
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Jost employed the flux gradient balance and described the mutual-diffusivity as a 
function of the ions number in a small volume, N, and the diffusivity of every individual 
ion [51]. The mutual diffusivity, ?̃? , for a binary exchange can be written as following: 
?̃? =
𝐷𝐴𝐷𝐵
𝑁𝐴𝐷𝐴+𝑁𝐵𝐷𝐵
                                (1.10) 
where DA and DB being the self-diffusion coefficients. The mutual-diffusivity is a 
function of the ratio of mobile ions engaged in ion-exchange. Therefore, in a typical 
concentration profile produced by ion exchange, the mutual diffusivity is also a function 
of distance from the surface [45, 48].  
Usually, sodium is replaced with potassium in chemical strengthening; larger and 
heavier potassium ions are less mobile in the glass structure; consequently, the self-
diffusions diverge; this changing the diffusion equation from the typical form, presented 
by Eq. 1.3, to the mentioned below:  
   
𝜕𝐶
𝜕𝑥
=
𝐷𝐾
1−𝛼𝐶
[
𝜕2𝑐
𝜕𝑥2
+
𝛼
1−𝛼𝐶
(
𝜕𝑐
𝜕𝑥
)
2
]           (1.11) 
where  depends on the ration between the diffusion coefficient of ions; =1-(DK/DNa). 
It is mentioned before that the self-diffusion also depends on temperature, and the 
temperature increase makes the difference of the coefficients larger. Also, long time 
treatments produce complex concentration profiles in the glass.  
Varshneya et al. have reported the concentration-dependent inter-diffusion 
coefficients in potassium-sodium exchange of borosilicate glass [22]. The dependency 
is known to be related to the mixed alkali effect in silicate glass reported by Doremus 
and by Lachame [52]; however, Ingram et al. have reported that a series of structural 
modifications account for the coefficient variations [53, 54], which will be discussed 
later.     
Nevertheless, in short time treatments at low temperatures, the concentration profiles 
generated by ion exchange are fitted well by using a complimentary error function: 
     
𝐶(𝑥,𝑡)−𝐶𝑖
𝐶𝑠−𝐶𝑖
= 𝑒𝑟𝑓𝑐(
𝑥
2√𝐷𝑡
)             (1.12) 
where Ci and Cs are the initial concentration of potassium in glass and the surface 
concentration respectively, and t being time. Ion exchanges with the aim of 
10 
 
strengthening are conducted at temperatures below the glass-transition temperature 
for a short time to avoid stress relaxation as discussed in 1.5 .   
Ion mobility and, consequently, the diffusion coefficient, D, are dependent on 
temperature and following Arrhenius’ law: 
𝐷 = 𝐷0exp⁡(
−𝑄
𝑅𝑇
)             (1.13) 
where Q is the activation energy. The activation energy can be easily estimated 
through investigating the variations of either diffusion depth or diffusion coefficient by 
changing temperature.  
The approximated chemical profiles are in good agreement with the practical results if 
the diffusion coefficient is composition independent. However, as pointed before in 
conditions including high temperature or long process time, the mentioned approach 
overestimates the depth of ion-exchanged layer, and a sophisticated technique should 
be used to identify diffusion coefficients; i.e. using Boltzmann-Matano method based 
on microprobe chemical analysis besides employing complex models available for 
inter-diffusion [55]. There is a general agreement between the concentration profiles 
estimated through a complimentary error function and stress profiles; however, there 
are some discrepancies, which are related to stress relaxation on the surface and will 
be reviewed later. 
 Electric field assisted ion exchange 
Using an external source of energy such as ultrasonic agitation, microwave heating, 
and electric fields affects the diffusion of ions and increases the ion exchange and , 
consequently, the chemical strengthening [1, 2, 25]. Applying an electric field pushes 
the ions in one direction that decreases not only the time and temperature of treatment 
but also produces concentration profiles resembling different shape, which can 
improve the chemical strengthening efficiency. The formation of the concentration 
profiles in glasses subjected to E-field assisted ion exchange from a molten salt, or a 
solid state coating has been studied in the past [41-44, 56]. In following, the equations 
describing the generation of the concentration profiles, based on the formulation 
proposed by Abou-El-Leil M. and Cooper A. are presented [56, 57].  
Here, the equations are derived again by considering the required corrections and 
modifications regarding the samples preparations in this study and reported 
corrections and modifications in literature [25, 58-60]; furthermore, only sodium-
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potassium ion exchange has been considered.  To describe the formation of a 
potassium concentration profile in a sodium-containing silicate glass during electric 
field assisted ion exchange, some assumptions are made, which are summarised as 
followings: 
 Applied E-field is a DC field with a constant intensity across the glass 
 The raw glass has only one mobile monovalent cation, Na+  
 Sodium ions are ahead of potassium in the direction of Electric field.  
 Ions mobility and, therefore, the self-diffusion coefficients of cations are 
constant and composition independent. Self-diffusion coefficient is related 
to the mobility of ions by Einstein’s relation:  
  
𝐷𝑖 = 𝜇𝑖𝑘𝐵𝑇     (1.14) 
 
where D is the self-diffusion coefficient, µ is the ion mobility and kB and T being 
Boltzmann constant and absolute temperature, respectively. A schematic draw of the 
glass subjected to electric field and ions is shown in Figure I-5. 
 
Figure I-5 Cations accelerated in the direction of applied E-field during Electric field assisted ion 
exchange  
The flux of cations, J, can be written as: 
𝐽𝐴 =
𝐷𝑖𝐸𝐶𝑖
𝑘𝐵𝑇
− 𝐷𝑖
𝜕𝐶𝑖
𝜕𝑥
     (1.15) 
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The diffusion part, the second term of Eq. 1.15, describes the diffusion of cations in 
the opposite direction of the electric field due to the chemical potential. The molar 
density of alkali ions, or the alkali sites, is constant. Hence, the concentration of alkali 
ions, Calkali=CNa+Ck is constant.  By applying the continuity conditions, the 
concentration gradient of potassium, K, can be derived as:  
𝜕𝐶𝐾
𝜕𝑥
= 𝐷𝐾 [
𝜕2𝐶𝐾
𝜕𝑥2
−
1
𝑘𝐵𝑇
(𝐸
𝜕𝐶𝐾
𝜕𝑥
+ 𝐶𝐴
𝜕𝐸
𝜕𝑥
)]         (1.16) 
When a glass is subjected to a constant E-field, the last term on the right side of Eq. 
1.16 is eliminated. By considering the electric charge balance, the total flux of ions 
should be constant. If the alkali ions are the only charge carriers in glass, the flux of 
ions is related to the current density, J, as following:  
𝐼̅
𝐹
= 𝐽0 = 𝐽𝑁𝑎 + 𝐽𝐾 = 𝐷𝑁𝑎
𝐸𝐶𝑁𝑎
𝑘𝐵𝑇
−𝐷𝑁𝑎
𝜕𝐶𝑁𝑎
𝜕𝑥
+ 𝐷𝐾
𝐸𝐶𝐾
𝑘𝐵𝑇
−𝐷𝐾
𝜕𝐶𝐾
𝜕𝑥
       (1.17) 
where F is Faraday’s constant. By using the mobility ratio of potassium to sodium, 
M=JNa/JK,Eq. 1.17 is written as:  
𝐸 =
𝑘𝐵𝑇[𝑀𝐽0+𝐷𝐾(𝑀−1)
𝜕𝐶𝐴
𝜕𝑥
]
𝐷𝐾[𝐶𝑎𝑙𝑘𝑎𝑙𝑖+(𝑀−1)𝐶𝐾]
            (1.18) 
The local electric field intensity is a function of both the concentration profile and the 
ion flux. The following equation describes the variation of E-field  by time:  
𝜕𝐸
𝜕𝑡
= 𝑘𝐵𝑇 {
(𝑀−1)(
𝜕2𝐶
𝜕𝑥2
)
𝐶𝐾+(𝑀−1)𝐶𝐾
−
[𝜇𝐽0+𝐷𝐾(𝑀−1)
𝜕𝐶𝐾
𝜕𝑥
]
𝐷𝐾[𝐶0+(𝑀−1)𝐶𝐾]
2 (𝑀 − 1)
𝜕𝐶𝐾
𝜕𝑥
}       (1.19) 
Combining Eq. 1.16 and Eq. 1.19 gives the characteristic differential equation of E-
field assisted ion exchange process:  
𝜕𝐶∗
𝜕𝑡∗
+
𝑀
1+(𝑀−1)𝐶∗
𝜕𝐶∗
𝜕𝑥∗
=
𝜕
𝜕𝑥∗
[
1
1+(𝑀−1)𝐶∗
𝜕𝐶∗
𝜕𝑥∗
]         (1.20) 
where 
𝑥∗ ≡
𝐽0𝑥
𝐶0𝐷𝐾
⁡ , 𝑡∗ ≡
𝐽0
2𝑡
𝐶0
2𝐷𝐾
⁡ , 𝐶∗ ≡
𝐶𝐾
𝐶0
 
The boundary conditions of Eq. 1.20 can be specified by considering the treatment 
conditions; the parameters used for samples’ preparation are deemed to apply the 
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boundary conditions and derive the characteristic equation of electric field ion 
exchange. The nominal composition of the glass subjected to electric field assisted ion 
exchange has only one alkali element( section 2.1.1 ); furthermore, considering the 
concentration of the elements in the glass the diffusion coefficient can be considered 
equal to the self-diffusion coefficient of alkalis [38, 39, 61]. Moreover, applying a strong 
enough electric field causes that conventional diffusion makes no significant 
contribution in the process and, therefore, the analytical solution for Eq. 1.20 is  
obtained as follows [25]:  
𝐶𝐾(𝑥, 𝑡) =
𝐶𝐾
𝑠𝑢𝑟𝑓𝑎𝑐𝑒
2
⁡𝑒𝑟𝑓𝑐(
𝑥−𝜇𝐾𝐸𝑡
2√𝐷𝑡
)            (1.21) 
The concentration profiles in the glass produced by the conditions mentioned above 
are presented in Figure I-6. Potassium variation across the glass resemble a step-like 
profile and when the E-field intensity increases, the depth of exchanged layer 
increases considerably.  
 
Figure I-6 Typical concentration profiles, calculated, produced in alkali-silicate glass by 
subjecting to EF-IE. The profiles were drawn by considering the applied E-field variable which 
was normalised to the square root of diffusion coefficient, D, 
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 Stress generation by ion exchange 
Stuffing larger potassium ions into the glass and the formation of concentration profiles 
yield the glass network strain and, consequently, compressive stress build up. The 
first perception about the compression profiles is that the compressive profile is 
following concentration profiles produced by ion exchange [62]. The formation of 
compressive stress is understood to be similar to the stress built up in metals using 
the nitridation technique and the stress generation on the surface is formulated by 
considering the analogy with thermal stress [1, 7, 17, 63].  
By using the analogy to thermo-elasticity, the stress-strain relationship for a cubic 
element located in the ion exchange layer (as presented in Figure I-7) in which all alkali 
ions are replaced with the larger invading ions can be written as:  
𝜀𝑥𝑥 = (
1
𝐸
) [𝜎𝑥𝑥 − 𝜈(𝜎𝑦𝑦 + 𝜎𝑧𝑧)] + 𝐵𝐶  
𝜀𝑦𝑦 = (
1
𝐸
) [𝜎𝑦𝑦 − 𝜈(𝜎𝑥𝑥 + 𝜎𝑧𝑧)] + 𝐵𝐶  
𝜀𝑧𝑧 = (
1
𝐸
) [𝜎𝑧𝑧 − 𝜈(𝜎𝑦𝑦 + 𝜎𝑥𝑥)] + 𝐵𝐶     
𝜀𝑥𝑦 =
𝜎𝑥𝑦
𝐺
; ⁡𝜀𝑦𝑧 =
𝜎𝑦𝑧
𝐺
; ⁡𝜀𝑥𝑧 =
𝜎𝑥𝑧
𝐺
       (1.22) 
where E= Elastic modulus, G= shear modulus and  is the Poisson’s ratio. B is the 
linear strain of glass per unit concentration change of alkali oxide:  
𝐵 =
1
3Δ𝐶
Δ𝑉
𝑉0
                (1.23) 
 
Figure I-7 Schematic unit of a semi-infinite glass sheet subjected to ion exchange along x-axis 
Only the generated stress in one direction is shown 
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In a semi-infinite plate which has been completely exchanged in x-direction, one can 
assume that the stress generated along x-axis, xx, is zero because the plate is 
allowed to expand in that direction freely. By considering the specimen is constrained 
at the edges and confined by the substrate glass, it can be expected that yy=zz=0. 
By applying these boundary conditions to the Eq. 1.22; the generated stress is 
estimated as 
𝜎𝑦𝑦 = 𝜎𝑧𝑧 = −
𝐵𝐸𝐶
1−𝜐
       (1.24) 
Eq. 1.24 corresponds to the compression produced by the stuffing of ions into the 
glass.  Cooper A. et. al have adopted the formulations to describe the formation of 
stress in glasses subjected to ion exchange [64, 65]: The generated stress in an alkali 
containing glass subjected to ion exchange with a semi-infinite plate geometry follows 
the concentration of stuffed ions, C, by:  
[𝜎𝑦𝑦]𝑥 =
[𝜎𝑧𝑧]𝑥 = −
𝐵𝐸𝐶
1−𝜐
+ (
𝐵𝐸
𝛿(1−𝜈)
) ∫ 𝐶(𝑥)𝑑𝑥
𝛿
0
  (1.25) 
where B= network dilation coefficient, E= Elastic modulus, and  is the Poisson’s ratio. 
 is being the thickness of the glass. The second term represents the balancing 
tension generated because of the compatibility of exchanged layer to the uninfluenced 
bulk glass. According to Eq. 1.25, the effect of stress relaxation is negligible; on the 
contrary, stress relaxation has a significant influence. Cooper et al. have investigated 
the stress relaxation at elevated temperatures; by taking into account the stress loss 
because of the relaxation. The compressive stress produced by ion exchange after 
time t is estimated from: 
𝜎𝑦𝑦(𝑥, 𝑡) =
−𝐵𝐸
1−𝜐
(
1
𝛿
∫ 𝑅(𝑡1 − 𝑡) (
𝜕
𝜕𝑡
∫ 𝐶(𝑥)𝑑𝑥
𝛿
0
) 𝑑𝑡
𝑡1
0
)   (1.26) 
where R and t1 being the normalised relaxation function and the ion exchange time 
respectively. According to Eq. 1.26 the maximum compressive stress is located at the 
surface of glass; whereas, the maximum of compressive stress is measured below the 
surface in practice [3]. The mismatch between the stress profiles and the concentration 
profiles is attributed to the dependence of stress relaxation on time and the 
concentration of the invading ions [66]. The theoretical compressive stress is far larger 
than the experimental values,which is related to the theoretical dilation coefficient [67, 
68]. The network dilation coefficient, also known as linear network dilation coefficient, 
LNDC, can be expressed as:  
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𝐵 =
1
3
[
𝜕 ln𝑉
𝜕𝐶
]                                                            (1.27) 
By assuming that the glass produced by ion-exchange has a similar molar volume to 
the compositionally equivalent to melt glass, CEAM, glass the LNDC is given by:  
𝐵 = (
1
3𝐶0
) ln (
𝑉𝐶𝐸𝐴𝑀
𝑉𝑅𝑎𝑤
) ≅
𝑉𝐶𝐸𝐴𝑀−𝑉𝑅𝑎𝑤
3𝑉𝑅𝑎𝑤𝐶0
                       (1.28) 
where C0 is the mole fraction of alkali glass in exchanged layer and VRaw being the 
molar volume of the raw glass. The volume change is divided to 3  in order to calculate 
the linear dilation [63].  The estimated LNDC is usually about three to five times larger 
than the measured values from the stress profiles measured in practice, which is 
known as “dilation anomaly” [63, 69]. The plastic deformation can occur during stuffing 
of larger ions into the glass instead of the elastic strain and it is probably responsible 
for the difference between the values calculated by theory and the practical 
measurements [17]. Many efforts have been made to improve the understanding of 
network dilation anomaly, i.e. considering the stress relaxation; however, it has 
remained controversial [1]. 
 Stress relaxation  
Subjecting to elevated temperatures, at which ion-exchange is practised, accelerates 
the glass transitions, such as stress and structural relaxations, and causes 
compressive stress reduction [63, 70, 71]. The stress relaxation role is of crucial 
importance in chemical strengthening [66, 71, 72]. Since stress relaxation also 
accounts for the stress profiles anomalies, such as the stress intensity and the 
maximum stress beneath the surface, it has been extensively studied [21, 63, 71].  The 
glass viscous flow is considered to be responsible for the compressive stress 
degradation at typical ion-exchange temperatures [1, 4]. Conversely, the compressive 
stress at zero time after ion exchange is far less than the predicted by the theoretical 
approach even after considering the relaxation because of viscous flow [63, 73]. 
Varshneya et. al have proposed a model in which a series of structural modifications 
cause stress loss in very few seconds after ion exchange [73]. The model predicts that 
a strong compressive stress is produced by stuffing large potassium ions into glass in 
picoseconds after potassium exchange for sodium. Then, some structural 
modifications, like changing the distances between bridging / non-bridging oxygens 
and potassium, decrease the built-up stress. The further stress loss happens because 
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of the ions jump from one cage to the other and penetration of ions while there are no 
topological changes of structure in these steps [53, 63, 73].  
Further stress loss may occur by structural modifications that might take place by 
breaking and reforming of bringing oxygens. Cation-induced relaxation of network, 
CIRON, has been proposed to describe the stress loss by short-range structural 
evolutions. CIRON is known to be the best representative of this kind of relaxation [53, 
74].  In this model, the diffusion of cations into the glass occurs by breaking the 
bridging oxygens corresponding to Q2 and Q4 species and the formation of new Q3 
species. These changes modify the orientation of alkali sites and the new sites can 
host larger potassium ions. Figure I-8 shows a schematic draw of structural variations 
in the diffusion path of ions inthe glass [53, 54]. The structural modifications are 
probably responsible also for the shrink of glass free volume. Such processes and the 
stress relaxation because of viscous flow perhaps account for the stress decline or in 
extreme cases producing a stress-free ion-exchanged glass. Although the glass is 
more stable after all the relaxation processes during the ion exchange, the glass 
structure and, therefore, its volume is different from the chemically equivalent as melt 
glass [75]. It is worth mentioning that the structural evolution and stress relaxation of 
glass during ion exchange and chemical strengthening are open questions and need 
to be answered.  
 
Figure I-8 Schematic draw of structural modification of glass by breaking and reforming of 
bridging oxygens during ion exchange. The bridging oxygen of a Q4 group is stretchered, 
weaken, broken and recombined with a Q2 to accommodate larger potassium cation. The 
process produces 2 Q3 species.  
The stress-free ion-exchanged glass is known as a “forbidden glass” due to the 
different structure from the as-melt [76]. In this step, the glass undergoes long-range 
structure relaxations to take a similar structure to the as-melt glass towards decreasing 
the free energy; the process here may last several years at low temperatures [70, 77, 
78].  
18 
 
The stress loss in the first steps is too fast, few picoseconds, to be controlled and 
considered as a process parameter. On the other hands, the last step is so slow, 
decades, that is not essential for chemical strengthening in practice. Therefore, what 
matters is the stress relaxation due to the relaxations processes occurring at an 
intermediate slot.  
The glass viscous flow has been considered responsible for stress relaxation, which 
is represented by mechanical models which are essentially consisting Burger 
elements, a Maxwell and a Voigt-Kelvin element in series, attached to a rigid 
support[21, 66, 71, 73]. The relaxation transitions in glass can also be estimated by a 
sophisticated model: the stretched exponential model.   
The stretched exponential model, which is proposed empirically by Kohlrausch in 
1847, fits well the stress relaxation behaviour of disordered and quenched molecular 
systems [77-79]. The property subjected to relaxation, which is the surface stress in 
this case, is a function of time as follows: 
𝜎𝑡
𝑅 = 𝜎0
𝑅𝑒−(
𝑡
𝜏
)𝛾
                 (1.29) 
where tR and 0R are the residual stress and the zero-time residual stress; t is time. 
 being the relaxation time,  the exponent factor which accounts for the non-
Maxwellian behaviour of the glass [63]. This function can also be used for structural 
relaxations in frequency domain [78, 79]; however, in this study, the time-dependent 
relaxations were investigated (section 3.3.3 ).  
Eq. 1.29 has only two free parameters: the relaxation time and the stretched exponent, 
where  satisfies 0<1, and =1 presents Burger’s model as a simple exponential 
model. Lower values of  are corresponding to more complex relaxation mechanisms 
[70, 79].Two particular values for  are expected in homogeneous glassy systems: 
=0.6 for short range transitions such as stress relaxations and =0.43 corresponding 
to the long range structural relaxations [77]. These numbers are known as “magic” 
values of glass relaxations; these numbers were deduced from the axiomatic diffusion 
trap model and had been validated using commercial glass specimens [77, 79].  
Typically, the relaxation time lies between 105 to 107 s for the temperatures at which 
ion exchange is carried out. Moreover, the relaxation temperature is well fitted with the 
Vogel-Fulcher expression [7, 32, 70]: 
𝜏(𝑇) = 𝜏0𝑒
−𝑄
𝑇−𝑇0
𝑇0         (1.30) 
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where T is the relaxation temperature, and T0 and Q being Vogel-Fulcher parameters 
which are obtained by fitting the experimental data with Eq. 1.30. 
For successful chemical strengthening, a strong compressive stress with an enough 
depth is a must to reinforce the surface flaws and, consequently, increase the 
mechanical strength. Because of the diffusional nature of the process, producing the 
desired exchanged layer requires subjecting to elevated temperatures for several 
hours. Therefore, finding the critical parameters and their influences are the very first 
requirements of chemical strengthening of glass.  
 Chemical Strengthening of Borosilicate Glass 
The glass strength is affected by the surface defects, and the idea of glass 
strengthening is to “reinforce” the surface cracks. Although the mean flaw size of glass 
changes from few nanometers to millimetres,  as-received glass usually contains flaws 
with a size between 1-15 µm (Kurkjian diagram- Figure I-1). The compression layer 
and, consequently, the exchanged layer must be thicker than the critical flaw size to 
improve the glass strength. Producing such layer in a glass is simple to say but often 
hard to do.  
As mentioned above (section 1.4 ), the surface compression has a pivotal role in 
chemical strengthening; intense surface compression is required to “reinforce” the 
surface flaws and improve the strength of glass. The surface compressive stress is 
also responsible for increasing the damage resistance of glass by preventing the 
formation of cracks in impacts and sharp contacts. Therefore, chemical strengthening 
has been practiced, fundamentally, on alkali-aluminosilicate glasses that yield intense 
compressive stress [31]. However, even a strong compressive stress on the surface 
has no use for improving the strength of glass if it contains large surface defects. 
Figure I-9 shows typical characteristic depths of the ion-exchanged layer produced in 
lithium-aluminosilicate (LAS), soda borosilicate (SBS) and soda lime silicate glasses 
(SLS) by subjecting to ion exchange [80-84]. The graph is plotted in linearized 
coordination by using and the correlation between the characteristic depth, x, and ion 
exchange time, t, and D the estimated diffusion coefficient: x= 2(D*t)1/2. 
The thickness of exchanged layer depends on the diffusion coefficient of ions into the 
glass and the time of treatment regarding Eq. 1.12. Although a thick compressive layer 
can be produced by carrying out long time treatment, the production of a thick layer is 
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at the cost of surface compressive stress degradation due to relaxation; moreover, 
long treatments increase the cost of treatment besides rising environmental concerns. 
Therefore, the exchanged layer produced by a typical chemical strengthening, i.e. 4 
h, must cover most of the surface flows generated during the fabrication processes. 
Lithium-aluminosilicate and soda-borosilicate glasses provide the required exchanged 
layer.  
Recently, the demand for strong borosilicate glass renewed the interested in the 
strengthening methods of this glass; soda borosilicate glass is one of the less practiced 
materials in chemical strengthening [1, 17, 22]. In contrast, the thick exchanged layer 
makes it possible to improve the strength of borosilicate glass by chemical 
strengthening. However, there are limited reported about chemical strengthening of 
borosilicate glasses [1].  
 
Figure I-9 Characteristic diffusion depth (DOL) produced by ion exchange in different glass 
families; the shaded area represents the typical size of surface defects of glass before 
subjecting to the strengthening treatments.    
The knowledge about the strengthening of alkali-aluminosilicate and soda lime silicate 
can be employed to modify and re-design the conventional ion-exchange methods for 
the chemical strengthening of alkali-borosilicate glasses, especially the glasses used 
in pharmaceutical packaging, solar cells, micro electro mechanical systems (MEMS), 
and electronics.  
It is, therefore, a major task to understand the influences of processing parameters 
including temperature, salt bath impurities and glass composition on the efficiency of 
chemical strengthening. Conventional treatments needs to be practised in order to 
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acquire the understanding. By using a different family of glass new avenues are 
possibly opened towards conducting less practiced methods of ion exchange, such as 
electric field assisted ion exchange, as mentioned in section 1.3 , aimed to improve 
the mechanical performance of glass. Indeed, this introduced new parameters yet to 
be investigated. Furthermore, the effects of limited thickness and thermal shock 
resistance of thin borosilicate glass on stress build up and relaxation in chemical 
strengthening are required to be studied. 
Impacts of processing parameters on the final strength of soda-borosilicate glasses 
are investigated in this thesis. Conventional ion exchange as well as electric field 
assisted ion exchange are conducted for the treatment of glass tubes used in 
pharmaceutical packaging. Furthermore, thin alkali-borosilicate glass sheets are 
subjected to potassium for sodium ion exchange in order to investigate chemical 
strengthening of borosilicate glass, annealing and post-ion exchange heat treatment 
on the final strength of glass.  
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Chapter II.  
 
Experimental Methods 
This chapter presents an overview of the raw materials, preparation methods and 
characterisation techniques used in this work; some techniques used for a specific 
characterisation are excluded and will be discussed besides the corresponding results.   
Commercial soda borosilicate glasses were used as the raw glass in the ion exchange 
processes. The sample preparation process is modified depending on the geometry 
of the sample and the applied E-field. Mechanical tests and microstructural 
characterizations were conducted to assess the performance of ion exchange 
strengthening.   
 Materials 
2.1.1  Glass 
Two different geometries of alkali borosilicate glasses, tubes and flat, were used in 
this study. The influences of salt impurities on the chemical strengthening of glass 
used in pharmaceutical packaging were investigated by using the tubes. Electric field 
assisted ion exchange was also performed by using test tubes made from soda-
borosilicate glass. Thin alkali borosilicate glass produced by the down-drawing 
process was subjected to chemical strengthening and the stress build up, and 
relaxation of glass were investigated.  
 Tube 
Soda-borosilicate canes, Type I- Class B, provided by Nipro-Glass, France, and Schott 
AG, were used in this study. The dimensions of glass canes are summarised in Table 
2, and the chemical composition of the glasses will be discussed later in Table 7 in 
detail.  
Sane, A.Y et al. have reported that the generated stress by chemical strengthening 
may change 90° corners of glass and such edges will become dog-ear shape after ion 
exchange [85]. Varshneya, A. has reproduced the results and confirmed such a 
change in the glass subjected to chemical strengthening [1]. The deformation of 
corners produces weaker edges in the strengthened glass and it is suggested to round 
sharp edges before chemical strengthening. Accordingly, both ends of tubes, cut from 
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glass canes by using the scribe and bend method, were polished with SiC paper, Grit 
320.  
Table 2 Dimensions of the BS glass canes used for producing tubes, the glass tubes used in 
studying the conventional ion exchange  
 Commercial name  OD(mm) ID(mm) Length (mm) 
Nipro Glass Nipro 6.85 4.65 1500 
Schott AG 
Fiolax-Clear 6.85 4.65 1500 
Fiolax-Clear 10.85 8.65 1500 
 
Test tubes with rimmed cap made from Fiolax-Clear, Schott AG, were used as the raw 
glass in the electric field assisted ion exchanges. Table 3 shows the final dimensions 
of tubes produced for mechanical tests.  
Table 3 Dimension of samples cut  from the canes and subjected to ion exchange 
 OD(mm) ID(mm) Length (mm) 
Tube 10.85 8.65 100 
Tube 6.85 4.65 60 
Test tubes (Fiolax-clear) 9.65 7.45 100 
 
 Flat glass 
Square samples with the dimension of 45  45 mm2  were cut from the flat glass, D 
263 Teco® supplied by Schott AG, with the nominal dimensions of 360  440  0.21 
mm3 by the scribe and bend technique using a glass cutter, M18 MicroPenett diamond 
wheel, GCD-MP-M18S, MDI, Japan.  
2.1.2  Salt 
The ion exchange of glass tubes were conducted in three salt baths already used in 
the chemical strengthening of soda lime silicate glasses in the lab with different 
amounts of impurities, mainly sodium and calcium, named as  Low-Na, High-Na and 
High-Ca to ease pointing the characteristic contaminant. The ion exchanges of thin 
glass and electric field assisted ion exchanged were conducted by using pure 
potassium nitrate Sigma-Aldrich (ACS grade, ≥99.0%). 
The chemical composition of the salts was initially checked by ICP–OES (Spectro-
Ciros, Kleve, Germany) and the melting point was measured by Differential Scanning 
Calorimetry (DSC) (DSC2010, TA Instruments, USA).  The composition of salts was 
monitored by ICP-OES to keep the concentration of impurities constant. Table 4 shows 
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the fundamental impurities of salts, the melting temperature and the commercial 
source of them.  The calcium contamination was introduced to the salts using calcium 
nitrate tetrahydrate (Sigma-Aldrich, nominal purity  99.0%) calcined at 350 °C for 24 
h prior mixing with the KNO3 salt.  
 
Table 4 Fundamental impurities and melting temperature (Tm) of the KNO3 baths  (ND = not 
detected). 
 
[Na] 
(ppm) 
[Ca] 
(ppm) 
[Mg] 
(ppm) 
Tm(°C) Source 
Pure KNO3 10 8 <1 334 
Sigma-Aldrich (ACS grade, ≥99.0%) 
 
Low-Na 1039 ND 5 330 
Sigma-Aldrich (ACS grade, ≥99.0%) 
used for chemical strengthening of 
SLS 
High-Na 2431 ND 5 322 
provided by unknown source,  
already used for at least 1000 h in 
Na-K 
High-Ca 769 68 5 327 
Haifa – Eurochemicals (technical 
grade, ≥99.4%) 
contaminated by Calcium 
 
 Preparation Technique 
2.2.1  Conventional Ion Exchange 
Tubes cut from canes were, first, ultrasonically washed in distilled water, cleaned in 
acetone and air dried. Then, the treatments were carried out using a semi-automatic 
oven designed for chemical strengthening, TC 20A, Lema, Italy. Samples were placed 
in a stainless steel sample holder, which contains up to 30 samples at the same time. 
The tubes were kept over the salt bath 20 minutes before and after ion exchange 
according to the standard procedure of the furnace. The glass tubes were subjected 
to ion exchange at 450 and 465°C for 4h. Also, the glass to salt weight ratio was kept 
below 1:35.  
The thin glass samples, cut into 4545 mm2 squares, were ultrasonically washed in 
acetone and air dried; then, the samples were immersed in molten salt straight after 
drying by using a stainless steel sample holder. After the treatment, samples were 
26 
 
removed immediately from the molten salt and the sample holder to avoid sticking of 
the samples to the metallic frame due to the salt solidification. The glass to salt weight 
ratio was kept below 1:50. Ion exchanges were carried out at a temperature between 
350-500°C for 1-16 h. A schematic illustration of the conventional ion exchange 
procedure is shown in Figure II-1. 
 
 
Figure II-1 Schematic of the conventional ion exchange procedure ( used for borosilicate glass 
tubes). (a) cutting the canes, (b) washing the tubes with water, (c) pre-heating of tubes in the 
within the furnace; (d) Ion-exchange process through immersing the tubes in the molten salt 
bath, (e) post-cooling and (f) removing the salt residue by washing  
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2.2.2  Electric Field Assisted Ion Exchange   
Electric field assisted ion exchange, EF-IE, treatments were conducted using a 
modified oven for this type of chemical strengthening, TC 20S, Lema, Parma, Italy. 
The salt bath was insulated from the metallic frame of the oven by placing mica 
insulating sheets between the furnace wall, heating modules and the salt vessel.  
The electric fields were applied using a power supply, DLM 600, Sorensen. The 
applied voltage and passing current were monitored using digital Multimeters, DMM 
2000 and DMM 2100, Keighley. The applied E-field was controlled via a feedback 
control scheme, and current density limits were applied to prevent the spark formation 
surrounding the titanium electrodes, made of commercial Ti rods-grade 2. Figure II-2 
shows a schematic draw of the setup used to produce the EF-IE samples. The salt 
bath temperature was stabilised before treatments; in each treatment, three glass 
tubes were processed. The electric field was varied between 100 V cm-1 and 3000 V 
cm-1 in constant power mode of the power supply; the current density limit was fixed 
at 4, 8 and 16 mA cm-2 to prevent spark formation because of the salt electrolysis near 
the electrodes.  The electric field was applied for up to 10 min. 
 
Figure II-2 Schematic of the experimental setup and the instrumentation for monitoring and 
controlling the electric field [81].  
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 Characterization Methods 
2.3.1  Chemical composition 
Energy-dispersive X-ray spectroscopy was used to measure the chemical composition 
of samples; in this method, some considerations are required for measuring Na/K 
exchange. An electron beam with high energy can remove sodium from the glass 
surface and makes difficulties in the evaluation of sodium concentration; this becomes 
significant when the sample is subjected to a condensed beam with a diameter less 
than 1 µm for several seconds, such as the required conditions for line scans [86-88]. 
We tried to avoid this effect by measuring the chemical concentration profiles across 
the glass fragment and the chemical composition on the glass surface. The spectrum 
corresponding to the surface composition was collected on a spot with the area of 320 
 240 µm2 with a dwelling time of 30 s; these this conditions no significant changes in 
Na-K have been observed. The background of collected spectra was fitted by a 
polynomial function and removed. The characteristic X-ray energy attributed to each 
element K was used to regenerate the spectrum by fitting the collected spectra, and 
afterwards the mass concentration of present elements in the glass was determined 
by using the ZAF correction method [89].  The measurements were conducted at least 
ten times for each treatment condition.  The X-ray spectrum was calibrated using the 
raw glass composition measured by XRF-WDS as the reference.  
The concentration profiles were measured on the cross-section of the fragments of 
samples undergone to mechanical tests. The fragments were ultrasonically washed in 
acetone; then, fixed on an aluminium disk using a conductive tape, and afterwards the 
samples were slightly coated with a Pt-Pd alloy. A scanning electron microscope 
(JEOL,  JSM 5500) equipped with an energy dispersion X-ray spectrometer (EDS 
2000, IXRF system, USA) was used in the measurement of the chemical concentration 
of glass and the concentration profiles near the surface of treated samples. All known 
elements from the XRF analysis, except boron, were collected simultaneously. The 
profiles were measured from the surface up to 50 µm into the glass; the scans were 
conducted through 512 points along the measurement line ( sampling frequency) with 
a dwelling time of 1s.  Line scans were performed at least five times for each condition.  
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The glass composition in the depth of 200 µm of the surface was considered as the 
baseline for the measurement corresponding to the untreated glass1. The intensities 
of the characteristic X-ray energy of elements, K were recorded simultaneously; 
afterwards, the ratio between the intensities to Si-K was used to generate the 
concentration profiles. The high-frequency noise of the collected data from the EDS 
interface was removed using a low pass filter. Then, the profiles of samples treated 
were fitted by common complementary error function, Eq. 1.12; the concentration 
profiles corresponding to EF-IE samples were fitted by a modified complementary 
error function, Eq. 1.21. The characteristic depth of ion-exchanged layer was 
measured by using Eq. 3.5 and the fitting curves and the estimated diffusion 
coefficients. 
2.3.2  Mechanical properties 
The mechanical characterizations were conducted to ascertain, first, the residual 
stress in samples and, then, the strength improvement of samples. The residual stress 
generated by ion exchange were estimated by using Vickers’ indentations or visible 
light refractometery. Bending tests were performed to check the failure resistance of 
samples and assess the efficiency of chemical strengthening.  
 Vickers’ Indentations  
Several techniques have been developed for measuring the residual stresses in 
materials. Among those methods some can be used for transparent materials: X-ray 
and neutron diffraction, optical retardation, strain-curvature measurements, hole 
drilling, chemical etching and indentation techniques [90-94].  
The fracture mechanics-based methods using a sharp invading indenter are well-
known procedures developed to measure the mechanical properties of materials such 
as the fracture toughness and residual stresses near the surface [90, 95]. Figure II-3 
shows a schematic draw of the formed cracks near the indentation imprints. Usually, 
during the loading step, radial and median cracks nucleated and developed 
perpendicular to the surface, and lateral cracks form during unloading of the invading 
indenter. Such behaviour is observed in normal glasses like soda lime silicate. Radial 
                                                                        
1 In the case of thin flat glass, the depth of 100 µm was considered as the 
untreated glass composition because of the limited thickness of glass sheets 
(200 µm) 
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cracks can be initiated from the corners of the impression, which is called “primary 
cracks”, or initiate from the edges of the Vickers’ impression, which is called 
“secondary cracks” [96]. In particular cases such as the presence of a deep 
compression layer beneath the surface, the lateral cracks might develop to the surface 
and cause chipping. Figure II-4 shows typical radial and lateral cracks produced by 
Vickers’ indenter, load of  9.81 N and dwelling time 15  s, on the surface of soda lime 
silicate glass treated by Na-K ion exchange at 475°C for 4 h ( compressive stress: 420 
MPa, case depth: 20 µm). The image intends to demonstrate the difference between 
the cracks generated by indentation in a normal glass (soda lime silicate) and an 
anomalous one (borosilicate).   
 
Figure II-3 Typical cracks produced by Vickers indentation in the borosilicate glass during 
loading and unloading phases;  
 
Figure II-4 Typical radial/median cracks generated by Vickers diamond on SLS glass subjected 
to Sodium-Potassium ion exchange at 475°C for 4 h ( surface compressive stress: 420 MPa, 
case depth: 20 µm; the indentation was conducted using load of 19.6 N and dwelling time of 15 
s)  
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Cone cracks are usually the first cracks initiated during loading of borosilicate glasses; 
these cracks, if initiated, grew during loading and when the load is removed they 
become closed. Primary radial cracks are nucleated and developed a little during the 
loading step. Secondary cracks are formed during loading and grow along with primary 
cracks; moreover, lateral cracks are possibly initiated and grow depending on the load 
and the indentation conditions like humidity [97]. Borosilicate glass is an anomalous 
glass from the indentation point of view, which means the cracks surrounding the 
indentation are produced during loading. Consequently, in order to estimate the 
surface compression, the indentation load has been considered as the parameter. The 
indentations were carried out at different loads varying between 0.98N to 49 N.  
 
Figure II-5 Typical Vickers indentation cracks formed beneath the surface of stress-free 
borosilicate glass; the indentation was made by a 5 N load ( 15 s). The cracking system 
involves median and half-penny cracks: (a) top view of indentations, (b) cross section 
If  a radial crack is generated by a Vickers’ diamond in a stressed surface, the stress 
intensity, K,  is related to the length of crack, c, and the  compressive residual stress 
in the surface layer, R,is given by [8, 91]: 
𝐾 = 𝐾𝑅𝑒𝑠𝑖𝑑𝑙𝑎𝑙 + 𝐾𝐼𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = −𝜎𝑅𝜓√𝑐 +
𝜒𝑃∗
√𝑐3
        (2.1) 
where P* is the maximum applied load during Vickers’ indentation,  is the crack 
shape factor which can be calculated for a given geometry. The shape factor in this 
study is considered equal to 0.41 for the radial cracks produced in borosilicate glasses  
[98, 99].  being a semi-empirical stress-field amplitude that can be calculated by: 
𝜒 = 𝜉√
𝐸
𝐻
                          (2.2) 
where E and H are the elastic modulus and the hardness of glass ( E 73 GPa and 
H5.5 GPa [100]), respectively.  is a materials invariant constant equal to 
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0.0160.004. The equilibrium length of cracks can be calculated by considering the 
stress intensity equal to the fracture toughness of glass.  
Figure II-6 shows a schematic sketch of the compressive layer and a radial crack 
generated by Vickers’ indentation. The depth of compressive stress can be assumed 
equal to the characteristic depth of diffusion to ease the calculations [83].  
The stress intensity factor of a semi-circular crack at the surface of glass containing a  
uniformly distributed residual stress, is derived by Lawn et al. [101]: 
𝐾𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =
𝜓
√𝑐
∫ 𝜎(𝑥) (√
𝑐
𝑥
− 1)𝑑𝑥
𝑑
0
     (2.3) 
 
 
Figure II-6 Schematic draw of the fracture system considered to estimate the surface stress 
using the indentation approach; the compressive stress on the surface is assumed to be 
distributed over a strip located on the surface of the glass and in the mouth of radial cracks.  
Despite the discrepancy in the location of maximum compressive stress in chemically 
strengthened glasses, the compressive stress distribution can be considered fairly 
similar to the concentration profiles; Eq 1.13 [84]. Even for more simplification, it is 
often considered as a linear function of the distance from the surface of glass: 
𝜎(𝑥) = 𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒(1 −
𝑥
𝑑
)                  (2.4) 
by substituting Eq. 2.4 in Eq 2.3, the compressive stress intensity can be derived as: 
𝐾𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =
4
3
𝜓𝜎𝑅√𝑑                    (2.5) 
Finally, by combining Eq 2.5 and Eq 2.1, and using the fracture toughness of material, 
KIC, the compressive stress on the surface can be calculated using:  
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𝜎𝑅 =
3
4𝜓√𝑑
(
𝜒𝑃∗
√𝑐3
− 𝐾𝐼𝐶)                   (2.6) 
Although the fracture mechanics is convenient for measuring the compressive stress 
on the surface, it is limited to the indentations that produce visible cracks. Damage 
resistance is one of the chemical strengthening goals, and the formation of 
radial/median cracks in an ion-exchanged glass is not desired in practice; therefore, 
in a well-treated glass by chemical strengthening, observing the radial cracks 
produced by indentation must be difficult. One approach to measure the residual stress 
near the surface of materials is through the indentation load-displacement curves 
[102]. Figure II-7 illustrates the typical variations in load-displacement curve measured 
by the method proposed by Oliver and Pharr when a residual stress is present [103]. 
The presence of residual stress on the surface of glass causes deviations from the 
original curve attributed to the stress-free surface materials. The compressive stress 
acts as a force resisting against the invading indenter, while the tensile stress acts as 
a hydrostatic pressure that helps the compaction of plastic materials during the 
indentation. It should be noted that the impact of residual stress on the LOAD-
DISPLACEMENT curve is much more significant than the change in the fracture 
behaviour.  
 
Figure II-7 Typical load-displacement curve during the loading phase measured by a load and 
depth sensing indentation; the influence of residual stress on changing the LOAD-
DISPLACEMENT curve is also shown [102] 
It is readable to check the formulation for measuring the residual stress in the surface 
region of materials that can be considered as pressure on the lateral faces of an 
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invading indenter penetrating into the surface. Figure II-8 shows a schematic draw of 
compressive stress state. The pressure is resolved to perpendicular and parallel 
stresses to the faces of the indenter where the projected stress parallel to the 
penetration direction acts as the preventing force; therefore, the required load for the 
penetration is larger.   
 
Figure II-8 Schematic of residual stress in the glass surface and the stress resolve on the 
Vickers diamond faces acting as a force resisting against the Vickers’ diamond invasion 
The extra load required for producing the same penetration, Figure II-7, is given by:  
∆𝑃 = 𝑃𝐶 − 𝑃0 = 𝜎
𝑅𝐴 sin 𝛼          (2.7) 
where  depends on the geometry of the indenter, for example, the angle of standard 
Vickers’ diamond: =22°. 
 Refractometery [104, 105]   
Flat glasses subjected to ion exchange have a variant reflective index beneath the 
glass surface, and the exchanged layer becomes stratified; therefore, when a light ray 
enters the glass, it is guided within the stratified medium. The guided rays in the 
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exchanged layer undergo the mirage effect and gain a concave path faced to the 
surface 
The light can be collected by using a prism with a reflective index larger than the glass. 
The curvature of the path depends on the reflective index of the layer in which the 
mirage effect occurs. After collecting the rays, it is possible to obtain the reflective 
indexes of different layers. If a polarised light source is used, the polarisation state of 
the collected rays depends on the stress and the distance between the mirage points. 
Consequently, the compressive stress on the surface of the flat sample can be 
measured. The instrument used for measuring the stress using this method is called 
Epidiascope. Stratorefractometer, which is basically an Epidiascope with the light 
source at infinity, can also be used for measuring the residual stress in flat glasses, its 
profile and case depth. Figure II-9 shows a schematics draw of a Stratorefractometer. 
 
 
Figure II-9 Schematic draw of the formation of TE and TM fields in optical measurements of 
residual stress on the surface of a flat glass treated by ion-exchange 
In this study, a surface stress meter, FSM 60 LE, (Luceo Co Ltd., Tokyo, Japan), was 
used to measure the residual stress produced in the flat glass by ion exchange. The 
measurements were carried out according to ASTM C1279-13 [106]. The surface 
compressive stress and the case depth were calculated using the instruction 
mentioned in the instrument user manual. The stress optical coefficient of borosilicate 
glass was considered as 3.4 Brewster2. 
                                                                        
2 1 Brewster= TPa -1 
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The compressive stress of each surface of flat glass samples was measured along 
two perpendicular directions: the samples that show a difference between directions 
more than 5 % were removed from the data series. The measurements were repeated 
at least 20 times for each treatment conditions.  
 Flexural Bending 
The strength of samples was assessed using four-point bending, and ring-on-ring 
biaxial flexural configurations: the first configuration was used to measure the strength 
of glass tubes and the latter was used for thin flat glass. The tests were carried out 
with a hydraulic uniaxial test frame, MTS 810.  
4-point bending 
The closed end of test tubes was removed using SiC abrasive paper, Grite 320; then, 
the tubes were taped and placed between the supports carefully to put the polished 
ends and untreated end of EF-IE out of the support span; the loading span of 18 mm 
and the support span of 40 mm were used. All measurements were conducted at room 
temperature and air atmosphere.  
The load cell used in measurements had the capacity of 100 kN: the data recorded 
with a sampling frequency of 100 Hz. The loading rate was kept for all the samples 
equal to 1.1 MPa s-1. The samples were cleaned carefully by rubbing with an acetone 
wet tissue and taped on the exterior the surface.  
Ring on Ring biaxial bending 
The flexural strength of glass was measured using ring-on-ring biaxial bending 
configuration with the support diameter of 35 mm and loading ring diameter of 10 mm. 
The loading rate was kept constant at 5N s-1. Because of the significant deformation 
of samples, the application of linear elastic theory was not possible [107, 108]. The 
failure loads were recorded and used as the representative of the samples strength; 
moreover, to ease the data analysis by Weibull statistics, the failure loads were 
normalised to the minimum failure load of the raw glass3.  
                                                                        
3 The relative strength has been used in order to make comparison between 
experimental data and technical reports provided by SCHOTT AG possible.   
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For a better comparison of the strength results, Weibull distribution of strength was 
considered. The probability of failure, F, assigned to the ith sample in an ascending 
ordered strength is calculated using:   
𝐹 =
𝑖−0.5
𝑁
                (2.8) 
The probability of failure is typically related to the strength through a two-parameter 
Weibull distribution as: 
𝐹 = 1 − 𝑒
(−𝑉(
𝜎
𝜎0
)
𝑚
)
       (2.9) 
where V is the specimen volume; m is the Weibull modulus ;  and 0 are the failure 
stress and the normalised stress, respectively. By taking natural logarithm twice of Eq. 
(2.9): 
ln⁡(−(ln(1 − 𝐹)) = 𝑚 ln 𝜎 − 𝑚 ln𝜎0       (2.10) 
Weibull statics was used to analysis the mechanical strength of samples. 16 samples 
were tested at least for each treatment condition.   
2.3.3  Thermal Analysis 
Differential scanning calorimetry, DSC, was employed to measure the glass 
transformations including the glass-transition temperature, Tg, and the structural 
relaxations. The measurements were performed by using a differential scanning 
calorimeter, TA 2010, Thermal Instruments. DSC samples were prepared by grinding 
the glass in an agate mortar and collecting the powder with a particle size below 45 
µm. The glass powder was ultrasonically cleaned in acetone for 10 min and dried at 
105 °C overnight. 
The baseline of aluminium pans used for the measurements and the reference, an 
empty pan, was recorded by heating to 600 °C with the heating rate of 10 °C min-1 
and dwelling time of 15 min and afterwards cooling down to room temperature. The 
cycle was repeated twice to remove the aluminium oxide formation noise.  
The glass powder was placed into the aluminium pan and situated on the sample 
holder of DSC at room temperature. The sample, first, was heated to 120°C and 
equilibrated for 10 min to remove the humidity on the surface; then, it was heated to 
610 °C, and afterwards held at the temperature for 5 min, and cooled to 200 °C; both 
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heating and cooling rate were kept 10°C min-1. The samples were subjected to two 
runs of upscans.  
2.3.4  Structural evolution  
The structural variations of glass after subjecting to EF-IE was investigated by using 
Raman spectroscopy. The micro-Raman spectra were taken across the borosilicate 
tubes samples subjected to EF-IE and fixed in the metallographic mount. The glass 
cross section was polished down to 2.5 µm using silicon carbide paper to get a cross-
section of the tube wall. The exposed surface was carefully polished down to 0.5 µm 
using cerium oxide suspension.  
Micro-Raman spectrum was collected using a backscattered geometry via a triple-axis 
monochromator (Horiba-Jobin Yovn, Model 64000). The spectra were excited using  
514.5 nm Ar-Kr laser; the beam was focused to a spot size of less than 5µm through 
the lens of a 100 microscope; the scattered radiation from the excited region was 
collected via the same objective. The configuration and parameters of the 
measurements are reported elsewhere in detail [109]. 
The first point for collecting the spectra was chosen in the exchanged layer 5 µm below 
the glass and resin interface and the second point was taken at 200 µm from the glass 
surface. The background of collected spectra was removed, and the noise was 
removed using a modified algorithm based on the correction technique reported by 
Zhang et al. [110].    
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This chapter investigates the influences of ion exchange parameters on the final 
mechanical strength of borosilicate glass, such as bending strength. It demonstrates 
the feasibility of ion exchange in order to improve the strength and, afterwards 
discusses the effects of glass chemical composition, treatment temperature and salt 
impurities. It also presents the impact of applying an electric field on ion exchange and 
strengthening of borosilicate glass. Finally, it explores the influence of ion exchange 
and heat treatments on bending resistance of thin alkali borosilicate glass.  
 Ion-exchange strengthening of borosilicate glass 
Table 5 provides the surface chemical composition of borosilicate glass, Fiolax Clear- 
Schott AG, with the diameter of 10 mm before and after immersion in KNO3 ([Na]:1000 
ppm) at 450°C for 4 h. Because of the limits of measurement technique, the 
concentration of boron cannot be estimated. We , nevertheless, can see that the 
concentration of silicon oxide is considerably decreased after ion exchange. It should 
be noted that Table 5 presents the weight concentration of components and by 
replacing lighter sodium ions with heavier potassium ions, the weight portion of the 
other elements is reduced [3].  
Since silicon oxide is the main network former of the glass, its concentration remains 
constant as long as the glass surface is not corroded. We observed no evident 
degradation of the glass surface; consequently, the concentration of silicon oxide is 
considered constant and  the glass molar composition is calculated; Table 6 gives the 
measured values. 
Table 5 The surface composition of glass, in weight percent,  measured by EDS before and 
after ion exchange, the numbers between practises present calculations error 
 Na2O (wt%) K2O(wt%) CaO(wt%) Al2O3(wt%) SiO2(wt%) 
Raw Glass 5.95 (0.05) 0.09 (0.09) 1.69 (0.03) 9.16 (0.36) 83.11 (0.29) 
IE (450°C, 4 h) 0.27 (0.12) 19.98 (0.71) 1.68 (0.13) 8.63 (0.30) 69.43 (0.61) 
 
Sodium is replaced with potassium in the ion-exchanged samples and the molar 
content of potassium oxide on the ion-exchanged glass surface is significantly larger 
than the raw glass; the concentration of calcium oxide is substantially constant. Figure 
I-5-a shows X-ray spectra collected from the surface of glasses. The intensity of the 
peak attributed to sodium (1.04 keV, X-ray fluorescence) is clearly depressed after ion 
exchange. The aluminium peak remains unchanged, and the spectrum in the window 
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of 3 to 4 keV becomes completely different. The peak associated with the metallic 
coating, Au, is not discussed here.  
Table 6 Surface composition of glass presented by the molar ratio to silicon oxide 
 Na2O K2O CaO Al2O3 SiO2 
Raw Glass 0.0693 0.0007 0.0217 0.0649 1 
IE (450°C, 4 h) 0.0038 0.1833 0.0259 0.0732 1 
 
According to the limits of measurement technique, the estimation of sodium 
concentration involves a large uncertainty [86, 89]. The other inaccuracy is related to 
the overlap between the characteristic X-ray energies of potassium and calcium that 
can cause the overestimation of the concentration of calcium on the glass surface. 
Although some of these error sources are considered in the quantification method, 
standard-less technique (ZAF), quantitative measurements should be carried out with 
meticulous care. Despite the error, the chemical analysis on the surface, particularly 
the variations of concentrations, can be used to appraise the ion exchange.  
Nevertheless, we see that potassium is clearly exchanged for sodium on the surface 
after immersing the glass in the molten potassium nitrate at 450°C for 4 h. Figure III-2 
shows the bending strength of glass tubes measured by 4 point bending 
configurations. The mean bending strength of samples increases from 149 MPa to 326 
MPa by ion exchange; the standard deviation of strength is also increased by 
subjecting to chemical strengthening; such behaviour is a typical feature of chemical 
strengthening [31].  
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Figure III-1 EDS spectrum collected from the surface of Raw glass and subjected to ion 
exchange at 450°C, (a) the spectra between 1 to 4 Kev, (b) the region between 3 to 4 keV 
corresponding the characteristic peaks of potassium and calcium  
Stuffing potassium into sodium positions in the glass surface generates a compressive 
stress that can reinforce the surface flaws and improve the mechanical strength [4]. 
Figure III-3 shows a typical concentration profile of sodium and potassium near the 
surface of the fracture surface of ion-exchanged samples. If we consider the depth of 
exchanged layer as the representative of the depth of compression layer on the 
surface, we can conclude that the surface compression reinforces most of surface 
cracks. However, a portion of surface flaws is not “reinforced”. Consequently, the 
strength of samples containing large flaws is not influenced by potassium for soidum 
ion exchange. This is responsible for observing samples with similar strength to the 
“Raw glass” after being subjected to ion exchange.  
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Figure III-2  Bending strength of raw borosilicate glass tubes, OD=10 mm,  and ion-exchanged 
ones (treated at 450°C for 4); 25th and 75th percentiles as well as minimum and maximum 
values are shown. 
 
Figure III-3 Potassium and sodium concentration against depth, measured near the glass 
surface by EDS; the concentration of elements is estimated by considering the relative intensity 
of X-Ray characteristic peak; the segmented line indicates the depth of layer (the characteristic 
depth of exchanged layer)  
The strength of samples is shown by using Weibull distribution in Figure III-4. The data 
was fitted by using linear regression to find the statistical parameters ( 0 and Weibull 
modulus). The strength of glass is clearly increased after subjecting to ion exchange: 
the characteristic strength, where the failure probability is 63 %, increases from 162 
MPa to 388 MPa.  
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Weibull modulus, which presents the scattering of data, does not change significantly 
after ion exchange. It seems that the generated stress uniformly influences the surface 
flaws and, hence, the scattering of the strength is not changed significantly. As 
mentioned above, some large surface flaws cannot be completely reinforced by ion 
exchange which is responsible for the lower part of the strength distribution of the ion-
exchanged glass.  
 
Figure III-4 Weibull distribution of the strength of Raw glass tubes and ion exchanged ones; the 
dashed line ins representative of fitting line of experimental data used for estimating Weibull 
modulus.  
 
3.1.1  Effect of Glass Composition  
The chemical composition of the borosilicate glassed used in this study is summarised 
in Table 7. The composition of both glasses is almost the same; however, Fiolax-HC 
is characterised by containing more calcium oxide. The slightly different chemical 
composition of glasses accounts for the different glass-transition temperatures. It is 
worth to augment the point that the glasses are bought from different companies and 
,therefore, the thermal history could be different. However, the findings in this study, 
section 3.3.2 , revealed that the thermal history is not a crucial parameter in chemical 
strengthening. The different concentration of modifiers also influences the hydrolytic 
resistance of glass, which is lying out of the interest of this study.  
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Table 7 Chemical composition (in wt %) and the glass transition temperatur measured by DSC 
of borosilicate glass tubes  
 Chemical Composition (wt%) 
Tg (°C) 
 Na2O K2O CaO Al2O3 B2O3 SiO2 other 
Fiolax - HC 7.0 <0.1 1.5 5.2 10.5 75.5 <0.3 565°C 
Nipro - LC 7.0 0.8 0.5 5.8 10.5 74.9 <0.5 540°C 
 
We measured the fracture toughness of tubes by using Vickers indentations.  The 
length of median/radial cracks, c, produced by a Vickers diamond against the 
indentation load, P,  are given by Figure III-5. The length of median/radial cracks is a 
function of applied load as given by [111, 112]: 
√𝑐 = 𝑎∛𝑃            (3.1) 
where a is a function of the fracture toughness of glass:  
 
𝑎 = 0.252(
𝐸
𝐻
)
1
6⁄
×
1
√𝐾𝑐
3     (3.2) 
where E is the elastic modulus, Kc the fracture toughness, and H being the hardness. 
The experimental data is fitted by Eq 3.1. Both fitting curves are identical and, hence, 
the fracture toughness of glasses is the same.  
 
Figure III-5  Length of cracks produced by Vickers indentation against the maximum load: the 
experimental data is fitted by using Eq. 3.1  
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Table 8 summarises the bending strength, its maximum, minimum and deviation of LC 
and HC glass tubes. The bending strength of LC glass is clearly lower than HC; the 
size of surface flows defines the strength of a brittle material [111]; therefore, the 
limited strength of LC is accounted for by the presence of large surface defects. The 
size of critical flaw can be estimated by using solid mechanics and assuming that the  
shape factor, Y= 1.24, for surface flaws [9, 113] ( c=(0.79Kc/f)2). 
Table 8  Mean bending strength and corresponding standard deviation of each glass reported 
in Table 7; the minimum and maximum strength of each group are also reported  
 Nipro - LC Fiolax - HC 
Number of samples 29 27 
Mean Strength (MPa) 194 340 
Standard Deviation (MPa) 40 44 
Minimum (MPa) 116 264 
Maximum (MPa) 284 451 
 
The critical crack size was estimated for each samples; then the flaw size was 
assumed to be randomly distributed. Afterwards the populations were fitted by a 
normal distribution as presented in Figure III-6. LC glass contains a wide distribution 
of flaws with an average crack length of around 17 µm; the other glass, HC, is 
characterised by small cracks with the size of 6 µm. Figure III-7 shows the measured 
bending strength using Weibull distribution. As expected from the size of critical flaw, 
HC has larger and less scattered strength compared to LC.  
 
Figure III-6 The distribution of critical flaw size related calculated from the failure strength of 
samples and fitted by a gaussian function   
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Figure III-7 Weibull distribution of the strength of as-cut glass tubes: LC (Nipro) and HC (Fiolax)   
Figure III-8 presents the typical fracture origin of raw glasses; we see different fracture 
regions such as classic mirror, mist and hackle regions particular in the LC glass. The 
images show that the LC glass contains larger surface flaws compared to the HC 
glass. We can obviously see the difference between the defect sizes on the surface; 
furthermore, the radius of fracture regions also clearly presents the lower load of failure 
of LC compared to HC. One can conclude that the main difference of these two glasses 
is the defect size rather than chemical composition.    
 
Figure III-8 Micrographs of the typical points from which the failure statred in LC glass: (a)-(b) 
and HC glass: (c)- (d)  
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The bending strength of tubes treated by chemical strengthening in the molten 
potassium nitrate containing 1000 ppm of Na at 450°C for 4 h is shown by Figure III-9. 
Subjecting to ion exchange improves the strength of glasses; the strength increase of 
HC is more significant than the increase of LC. HC after ion exchange shows more 
scattered strength which is the typical behaviour of samples showing the strength 
augmentation after ion exchange [31].  
 
Figure III-9 Bending strength of glass tubes treated by ion exchange at 450°C for 4h; 25th and 
75th percentiles as well as minumum and maximum values are shown.  
Figure III-10 shows typical potassium concentration profiles produced by ion exchange 
in tubes. Both glasses show the same depth of layer which is around 13-14 µm. This 
depth is thick enough to cover the surface flaws of HC glass; conversely, the ion-
exchanged layer cannot cover and reinforce all the surface flaws of LC glass and the 
strength of LC glass is , consequently, not as large as the strength HC. The size of 
initial flaws play a major role in the failure of glass and, consequently, the influence of 
ion exchange. It can easily obscure the impacts of glass composition, particularly CaO, 
on the chemical strengthening. Sinton, C.W. et. al. have reported that small changes 
in the chemical composition of glass affects the diffusion of alkali ions and, as a result, 
the depth of exchange layer. By containing more alkaline earth ion, the depth of 
exchange layer decreases; conversely, when the glass initially contains both sodium 
and potassium the depth of layer increases [114]. Using Vickers indentations, the 
compressive stress on the surface of LC and HC glass was estimated equal 30443 
MPa and 21326 MPa, respectively. The surface compression is larger in the sample 
containing less CaO.  
 
 49 
 
 
Figure III-10 Typical potassium concentration profiles measured near the surface of glass 
tubes, Fiolax and Nipro,  subjected to ion exchange at 450°C for 4h 
It is interesting to ascertain the effectiveness of chemical strengthening by considering 
the glass strength increase. It can be estimated by:  
𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ⁡𝑖𝑛𝑐𝑒𝑟𝑠𝑒 =
𝜎𝐼𝐸−𝜎𝑅
𝜎𝑅
        (3.3) 
where R and IE are the strength of raw (untreated) and ion-exchanged glass, 
respectively. Using the mean strength of samples, the strength increase is estimated 
about 1.2 for both samples. Although the samples show different failure stresses, 
potassium for sodium ion exchange improved the strength in the same way. Therefore, 
small changes of glass composition does not influence the strengthening directly.   
3.1.2  Influence of Temperature 
Figure III-11 shows the strength of glass tubes subjected to ion exchange in potassium 
nitrate at 450°C and 465°C. The strength of LC increases with increasing the 
temperature; conversely, the strength of HC declines by increasing the treatment 
temperature. The chemical strengthening of glass depends on the generation of 
compressive stress on the surface which is strong and deep enough to reinforce the 
surface flaws.  
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Figure III-11 Bending strength of glass tubes subjected to ion exchange at 450 and 465°C for 
4h. Note the lines are drawn as the eye-guide.  
The generated compressive stress on the surface is estimated from the length of 
cracks generated by an invading indenter on the surface [91, 95, 102].  Figure III-12 
shows the crack length produced by a Vickers’ diamond indenter and the maximum 
load of 19.6 N and dwelling time of 15 s. The length of radial/median cracks is curtailed 
by increasing the treatment temperature; it revealing that the compressive stress 
generation because of stuffing potassium becomes more effective. The influence of 
temperature on the length of cracks produced by indentation and, therefore, the 
produced stress on the surface is more prominent in LC glass than HC.  
 
Figure III-12 the length of radial/median cracks produced by Vickers’ indentation on the glass 
tubes subjected to ion exchange at 450 and 465°C for 4h. Note the lines are drawn as the eye-
guide. 
By considering the crack length produced by Vickers’ indentation and the 
characteristic depth, the compressive stress on the glass surface can be estimated by 
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using Eq. 2.6. The potassium concentration profiles produced by ion exchange at 
different temperatures are shown in Figure III-13. The depth of exchanged layer is 
increased by increasing the treatment temperature in LC glass; whereas, the depth of 
the layer is almost the same in HC samples treated at either temperature. The diffusion 
coefficients are estimated via fitting potassium concentration profiles using a 
complimentary error function as mentioned in Eq 1.12; the potassium content of raw 
glasses is considered as the baseline of concentration profiles, and afterwards the 
characteristic depth of exchanged layer was calculated by:    
𝑑 = 2√𝐷𝑡                   (3.4) 
 
Figure III-13 Potassium concentration profiles recorded by EDS near the surface of (a) LC and 
(b) HC glass treated at 450°C and 465°C. 
Table 9 gives the estimated residual stress and the characteristic depth of ion 
exchange in the glass tubes after being subjected to Na-K ion exchange in the 
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potassium nitrate salt bath containing 1000 ppm of Na at 450°C and 465°C for 4h. LC 
shows larger characteristic depths compared to HC; moreover, the calculated 
compressive stress on the surface of LC is slightly larger than HC; consequently, more 
surface defects can be reinforced by the compression layer, which improves the 
mechanical strength of glass. One can conclude that, by increasing the characteristic 
depth and compressive stress, more flaws are reinforced in LC and, consequently, the 
strength improves. On the other hand, the characteristic depth of HC is not significantly 
changing by temperature; therefore, the strength does not improve significantly. The 
slight decline in the strength of HC is probably related to the possible reactions 
between the salts species, such as hydroxyl groups, and the glass surface; this can 
cause stress relaxation at very first few microns below the surface [72, 115]. 
Table 9 Estimated characteristic depth and residual compressive stress on the surface of LC 
and HC glass subjected to ion exchange in potassium nitrate containing 1000 ppm of Na 
 Characteristic Depth  Residual Stress (MPa) 
450°C 465°C 450°C 465°C 
Nipro-LC 15.6 (0.4) 21.5(0.5) 304(43) 435(60) 
Fiolax-HC 14.4 (0.3) 14.7(0.2) 213(26) 271(44) 
 
The strength improvement defines the efficiency of chemical strengthening; from this 
perspective, the efficiency of chemical strengthening increases by increasing the 
treatment temperature in LC glass; conversely, HC glass does not show such 
improvement.  
Performing ion exchange at a higher temperature increases the depth of exchanged 
layer and compressive stress in LC glass; as a result, the treatment improves the 
strength. Conversely, the depth of exchanged layer is substantially the same for both 
treatment temperatures; therefore, the strength is the same for HC glass. In summary, 
increasing the temperature, which can increase the depth of exchange layer, can 
improve the strengthening of samples contains large defects. It is worth to mention 
that treatment at elevated temperatures can cause stress relaxation [21, 71]. 
3.1.3  Influence of Salt Composition  
Chemical strengthening is carried out by the replacement of sodium ions in glass with 
larger potassium ions from a molten salt through an inter-diffusion process driven by 
the difference in the chemical potential of ions [45, 116]. The variation of the salt’s 
composition affects the driving force of ion exchange and, in turn, the chemical 
strengthening of glass. Therefore, the salt’s impurities have a vital role in the ion-
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exchange strengthening process and can impair the ion exchange process [46, 80, 
81, 117].  
Sodium and calcium are two main contaminants of potassium nitrate baths [46, 118]. 
The former is introduced into the salt bath as result of the substitution of ions between 
the bath and glass according to Eq. 1.4. This lowers the thermodynamic driving force 
for ion exchange and consequently the salt bath is required to be replaced [46], which 
also increases the cost of chemical strengthening significantly [1]. Calcium can be 
present in the original nitrate salt or the industrial environmental dust can introduce it; 
the residue of washing process can also generate such an impurity in the glass. 
Calcium is known to be responsible for “blocking” of the alkali ions exchange and the 
inefficient chemical strengthening.  
This section investigates the influence of the salt bath impurities on the chemical 
strengthening of the soda-borosilicate glasses: impacts of sodium and calcium 
impurities are studied and, afterwards the role of contaminants is looked at by using a 
thermodynamic paradigm.  
 Effect of sodium impurity  
Figure III-14 shows the Weibull distributions of the bending strength of LC glass treated 
in the molten potassium nitrate baths containing about 1000 and 2500 ppm of sodium. 
Samples were subjected to ion exchange at 450 and 465°C for 4 h. Although the 
strength of LC is slightly affected by the sodium content in the salt, the variation is 
negligible if it is compared with the strength increase by ion exchange. In the case of 
salt containing 2500 ppm of sodium, the distributions corresponding to samples 
treated at either temperature are almost the same. It seems that the influence of 
temperature on strengthening is disguised when the salt containing a relatively high 
concentration of sodium is used.   
The strength of HC glass is almost constant, if not decreasing, with the increase of Na 
content in the salt. The failure resistance slightly decreases when the samples are 
treated at 465°C in the salt containing 1000 ppm of sodium, as pointed out in Figure 
III-11. HC glass also shows similar behaviour to the LC if it is treated in the salt 
containing the higher concentration of sodium ([Na]=2500 ppm).  
Sodium impurity decreases the thermodynamic driving force of ion exchange and 
affects stress build-up because of stuffing of ions [45]; this will be discussed in detail 
later on.  
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Figure III-14 Weibull distribution of the strength of LC glass tubes treated by ion exchange in 
potassium nitrate salt containing (a) 1000 ppm and (b) 2500 ppm of Na; Raw glass(), treated 
at 450°C () and 465°C () 
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Figure III-15  Weibull distribution of the strength of HC glass tubes treated by ion exchange in 
potassium nitrate salt containing (a) 1000 ppm and (b) 2500 ppm of Na; Raw glass(), treated 
at 450°C () and 465°C () 
 Effect of calcium contamination  
Calcium is a frequent contaminant of salt baths used in chemical strengthening which 
can be introduced by the dust in the environment, or the residue of washing by water; 
it is also reported that even a limited amount of calcium has a significant impact on the 
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efficiency of chemical strengthening [80, 81, 117]. Figure III-16 compares the strength 
of LC glass when it is treated in the salt bath containing calcium using the Weibull 
distribution; the strength of samples treated in potassium nitrate bath is also presented 
for comparison.   
 
Figure III-16 Weibull distribution of the strength of LC glass tubes treated by ion exchange in 
potassium nitrate salt containing (a) 1000 ppm of Na and (b) 600 ppm of Na and 60 ppm of Ca; 
Raw glass(), treated at 450°C () and 465°C () 
Although the failure stress of treated samples in the bath contaminated with calcium 
improves after ion exchange, it is clearly lower than the samples treated in the calcium-
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free salt. The distributions of treated samples and raw glass overlap to some extent; 
however, the strength of some samples is  comparable to the sample treated in 
calcium free salt.  
 
Figure III-17 Weibull distribution of the strength of HC glass tubes treated by ion exchange in 
potassium nitrate salt containing (a) 1000 ppm of Na and (b) 600 ppm of Na and 60 ppm of Ca; 
Raw glass(), treated at 450°C () and 465°C () 
58 
 
The strength of HC glass subjected to ion exchange in the calcium-containing salt is 
shown in Figure III-17; the behaviour of this glass is similar to the other one. HC glass 
is characterised by small flaws on the surface; this is making the strength distributed 
in a narrow window and the strength of samples is not as scattered as the LC tubes. 
Nevertheless, it is clear that the limited improvement of strength is due to the presence 
of calcium in the salt bath and calcium plays a critical role in the chemical 
strengthening of borosilicate glass.  
Figure III-18 shows typical indentation impressions produced by applying a load of 
19.62 N for 15 s using a Vickers’ diamond on the tubes subjected to ion exchange in 
sodium and calcium contaminated salts;the impression on the raw glass is also shown. 
The indentation on the raw glass produced primary redial/median cracks; moreover, 
some lateral cracks are generated beneath the surface that can be distinguished by 
the birefringence of light surrounding the impression. On the samples treated in the 
calcium-free salt bath, which contains 1000 ppm of Na in this case, the length of cracks 
in both systems, radial/median or lateral, are limited because of the surface 
compression produced by ion exchange, as discussed before. Conversely, the 
samples treated in calcium containing salt exhibit cracks similar to the raw glass. 
 
Figure III-18 indentation crack length produced by 19.62 N on the surface Raw glass (  a, LC –d 
HC); tubes ion exchange at 450°C for 4h in potassium nitrate containing [Na]=1000 ppm ( b, 
LC-e, HC) and (c, LC-f, HC)  
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The length of radial cracks generated on the glass surface by Vickers’ indentation is 
shown in Figure III-19. The cracks generated on the surface of samples treated in the 
calcium-containing salt is rather similar to the crack length of raw glass; this revealing 
that the compressive stress generated on the surface by potassium for sodium ion-
exchange is not intense enough to inhibit the extension of cracks.  
 
Figure III-19   The length of cracks produced by Vickers’ indentation using load of 19.62 N 
against the concentration of main impurity in potassium nitrate on (a) LC and (b) HC glass; the 
ion exchanges are carried out at 450 and 465°C.  
Table 10 provides the characteristic depth of exchanged layer and the estimated 
residual compressive stress on the surface of samples treated in the potassium nitrate 
salt containing 2500 ppm of sodium. Both the characteristic depth and the stress 
decrease are smaller when the samples is treated in the salt contaminated by 2500 
ppm of sodium (Table 9 vs. Table 10). The decrease explains the slight strength 
decrease of samples. The characteristic depth and residual stress of exchanged layer 
generated by performing ion exchange in calcium containing salt are also summarised 
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in Table 10. One should note that the measured stress is too low to be measured by 
indentation means; therefore, some stress values reported in Table 10 cannot be 
referred [84, 119, 120].   
The characteristic depth is clearly lower than the exchanged layer depth of samples 
treated in sodium-containing salts (Table 9 and Table 10). The limited ion exchange 
depth in LC glass is responsible for the scattered strength. HC glass is characterised 
by small surface flaws and the exchanged layer produced by calcium containing salt 
covers the surface flaws and reinforces them.  
Table 10 Estimated characteristic depth and residual compressive stress on the surface of LC 
and HC glass subjected to ion exchange in potassium nitrate containing impurities:  2500 ppm 
of Na and 60 ppm of Ca ([Na]= 1000 ppm) 
Slat Impurities Glass Tube characteristic Depth Residual Stress (MPa) 
450°C 465°C 450°C 465°C 
[Na]: 2500 ppm Nipro-LC 16.3 19.4 364 423 
Fiolax-HC 11.1 12.7 162 269 
[Ca]: 60 ppm 
[Na]: 770 ppm 
Nipro-LC 13.0 17.1 105 62 
Fiolax-HC 11.2 12.1 121 20 
  
 Role of impurities 
In order to corroborate the idea of the major impact of calcium impurity on chemical 
strengthening, we investigate the variation of the chemical driving force of ion 
exchange in detail by estimating the variations of the driving force of swapping ions 
using the ion exchange thermodynamic approach [45]. This part intends only to show 
how much the Na contamination alters the driving force. An ion exchange treatment 
using glass powder with a particle size between 0.7 to 1.4 mm, produced in an agate 
ball mill, was performed at 450°C for 72 h. The glass-to-salt ratio was increased to 1:1 
to amplify sodium release in the salt as well as the other possible elements, if there is 
any. Table 11 shows sodium and calcium concentrations in a potassium nitrate salt 
before and after the treatment.   
Table 11   Chemical composition potassium nitrate (nominally pure) mixed with the glass 
fragments before and after a heat treatment at 450°C for 72; the concentrations were 
measured in ppm; numbers between parentheses show the standard deviation.  
 Pure salt     
After the treatment  
 with LC glass 
After the treatment  
with HC glass 
Na (ppm)    13 (1) 21839 (69) 21214 (335) 
Ca (ppm)  3 (1) 2 (1) 5 (2) 
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The exchange of alkaline earth elements is very limited at temperatures below the 
glass-transition temperature; hence, one can conclude that only sodium is released 
from the glass to the salt and ion exchange only occurs between sodium and 
potassium [7]. Sodium concentration increases from a few ppm to about 20000 ppm, 
which is significantly larger than the sodium concentration of the salts used for 
chemical strengthening.  
The ion exchange between the glass and the salt can be considered as the reaction 
described by Eq. 1.4, and the chemical potential of exchange reaction can be 
calculated using Eq. 1.5. Because of the low concentration of sodium, the sodium 
behaviour in the salt and glass is considered as an ideal solution, and the elements 
are assumed to obey Raoult’s law. Therefore, the chemical potential, µi, of each 
element is determined by:  
𝜇𝑖 = 𝜇𝑖
∗ + 𝑅𝑇𝑙𝑛⁡𝑥𝑖     (3.5) 
where µi* is the chemical potential of the pure element; R and T being the gas constant 
and absolute temperature, respectively. xi is the concentration of the element in the 
solution. Sodium concentrations in the potassium nitrate salt after 72 h can be 
considered as a standard state; therefore, the chemical potential of ion exchange for 
each salt can be considered as:  
∆𝜇𝑁𝑎 = 𝜇𝑁𝑎
𝑠𝑎𝑙𝑡 − 𝜇𝑁𝑎
72ℎ = {𝜇𝑁𝑎
∗ − 𝑅𝑇𝑙𝑛𝑥𝑁𝑎
𝑠𝑎𝑙𝑡} − {𝜇𝑁𝑎
∗ − 𝑅𝑇𝑙𝑛𝑥𝑁𝑎
72ℎ}     (3.6) 
∆𝜇𝑁𝑎 = 𝑅𝑇𝑙𝑛
𝑥𝑁𝑎
72ℎ
𝑥𝑁𝑎
𝑠𝑎𝑙𝑡       (3.6) 
The concentration of sodium in the middle of tubes wall (or particles)  is constant; 
therefore,  the chemical potential of sodium in each salt can be measured using Eq 
3.6; Table 12 provides the chemical potential of ion exchange of each glass in sodium 
poisoned salts at 450°C. It should be noted that although such numbers are abstract, 
we can use them for the assessment of the ion exchange affinity.  
Table 12   Estimated driving force of ion exchange for each glass immersed in salts containing 
different sodium load  
 [Na]: 1000 ppm [Na]: 2500 ppm 
Nipro-LC 18.5 kJ mol-1 13.0 kJ mol-1 
Fiolax-HC 18.4 kJ mol-1 12.9 kJ mol-1 
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The chemical potential of ion exchange is almost the same for both glasses. It is likely 
that the variation of chemical strengthening efficiency depends on glass composition 
but not on salt poisoning. Such a variation agrees well the reported correlation 
between the activation energy and salt poisoning in soda lime silicate and 
aluminosilicate glasses reported by Fu. A. et. al. [45, 46].  
Though the calcium-containing salt has lesser sodium than the other salts used for ion 
exchange of borosilicate tubes, the strengthening is inefficient (Table 4). The influence 
of calcium on chemical strengthening of silicate glasses is known as “blocking effect” 
[118, 121, 122]. Ion exchange can be forestalled by calcium and, consequently, the 
generated stress at the surface declines.   
The influence of calcium on chemical strengthening was investigated by performing a 
series of ion exchanges in pure potassium nitrate salt contaminated with different 
amounts of calcium ( 12, 25 and 70 ppm) at 425, 450 and 475°C for 4 h. The surface 
chemical composition was checked by EDS analysis, and afterwards the ratio of the 
molar concentration of potassium and calcium on the surface to the total amount of 
sodium, calcium and potassium was considered as the relative concentration of 
elements. It should be noted that no magnesium has been detected in either glass by 
WDS-XRF analysis; therefore, it was not checked by the EDS microprobe analysis.  
Figure III-20 shows the relative concentration of potassium and calcium on the surface 
of samples subjected to ion exchange in different conditions; the lines are for eye 
guide. The presence of calcium is clearly responsible for the decrease of potassium 
concentration and, therefore, an incomplete ion-exchange. The relative concentration 
of potassium on either glass decreases continuously with increasing the calcium 
concentration to 14 ppm; then, the concentration variations become moderate 
compared to the first regime of the plots. By increasing either the treatment 
temperature or the concentration of calcium, the sodium-potassium exchange 
becomes more limited, and the concentration of calcium increases slightly at the 
surface.  
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Figure III-20 Relative concentration of potassium and calcium on the surface of tubes immersed 
in potassium nitrate at 425, 450 and 475°C for 4h against the concentration of calcium in the 
salt: (a) potassium and (b) Ca concentration on LC glass; (c) potassium and (d) Ca 
concentration on HC glass 
The role of calcium in the potassium exchange for sodium in a molten potassium 
nitrate can be looked at by using the thermodynamic paradigm of the decomposition 
of nitrate salts; in this model, the tendency of cations to form oxides instead of nitride 
is assessed by Gibbs free energy [123]. Figure III-21 presents the Gibbs free energy 
of possible reaction in which calcium can take the place of alkali ions on the surface 
of glass. We can see that calcium can be substituted for either sodium or potassium. 
Interestingly, the calcium exchange for potassium is more favoured than sodium from 
the thermodynamic point of view. In other words, if calcium is exchanged for potassium 
(of sodium), it is not possible to turn calcium back to the salt form the oxide state. In 
contrast, we have not seen a significant increase in the Ca concentration on the 
surface of the glasses subjected to ion exchange in calcium contaminated salts.  
It is interesting to have a glimpse at the kinetics of calcium penetration into a silicate 
glass. Kirchheim R. has studied the role of alkaline earth in the structure of alkali 
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alkaline earth silicate glasses and investigated the influence of the replacement on the 
mobility of ions [124]. Potassium diffuses into the glass by taking sodium sites and the 
bonds between the sodium sites and non-bridging oxygens stretch to host the larger 
potassium ions into the position. Sodium can be replaced with calcium in a silicate 
glass because of the similar ionic radius ( rNa = 0.102 nm and rCa=0.100 nm); indeed, 
two sodium sites should be taken by one calcium to keep the charge neutrality. The 
exchange energy can be assessed using Coulomb interaction of ions in the system 
and in order to ease the estimation, only the first two non-bridging oxygen close to the 
replaced site is considered. 
 
Figure III-21 Gibbs’ energy of cation exchange molten nitrate salts from the nitrate to the 
corresponding oxide; the graph is plotted using the thermodynamic data summarised in 
Appendix I. 
In a hypothetical configuration of atoms as illustrated in Figure III-22, when potassium 
ions diffused into the glass through the sodium sites occupied by calcium, the 
exchange energy, E, is given by:  
∆𝐸 = 𝐸𝐾 − 𝐸𝐶𝑎        (3.7) 
where EIE and ENa are the interaction energies of ions after ion exchange and in sodium 
silicate glass, respectively. The energy of each state can be estimated by : 
𝐸𝐾 =
1
4𝜋𝜀0𝜀
[∑
2𝑒2
𝑟𝐶𝑎+𝑟𝑁𝐵𝑂+𝛿
𝐾𝑟𝑖
2
𝑖=1 + ∑
𝑒2
𝑟𝐾+𝑟𝑁𝐵𝑂+𝛿
𝐾𝑟𝑗
4
𝑗=1 ]        (3.8) 
𝐸𝐶𝑎 =
1
4𝜋𝜀0𝜀
[∑
2𝑒2
𝑟𝐶𝑎+𝑟𝑁𝐵𝑂+𝛿
𝐶𝑎𝑟𝑖
2
𝑖=1 +∑
𝑒2
𝑟𝐾+𝑟𝑁𝐵𝑂+𝛿
𝐶𝑎𝑟𝑗
4
𝑗=1 ]         (3.9) 
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where  and 0 are the relative permittivity and the permittivity of free space, 
respectively. The radius of calcium, potassium and non-bridging oxygens are rCa,rK 
and rNBO. The parameter  takes care of the changes in the distances between the 
charge centres, or the ions, during the ion exchange. By replacing  Eq 3.8 and Eq 3.7 
into Eq 3.6: 
∆𝐸 =
1
4𝜋𝜀0𝜀
[∑ (
2𝑒2
𝑟𝐶𝑎+𝑟𝑁𝐵𝑂+𝛿
𝐾𝑟𝑖
−
2𝑒2
𝑟𝐶𝑎+𝑟𝑁𝐵𝑂+𝛿
𝐾𝑟𝑖
)2𝑖=1 − ∑ (
𝑒2
𝑟𝐾+𝑟𝑁𝐵𝑂+𝛿
𝐶𝑎𝑟𝑗
−4𝑗=1
𝑒2
𝑟𝐶𝑎+𝑟𝑁𝐵𝑂+𝛿
𝐾𝑟𝑗
)]   (3.10) 
the variation of the charge centres distance can be neglected compared to the radius 
of the ions and Eq 3.9 can be simplified as:  
∆𝐸 =
1
4𝜋𝜀0𝜀
[∑
2𝑒2(𝛿𝐾𝑟𝑖−𝛿
𝐶𝑎𝑟𝑖)
(𝑟𝐾+𝑟𝐶𝑎)
2
2
𝑖=1 +∑
𝑒2(𝛿𝐾𝑟𝐽−𝛿
𝐶𝑎𝑟𝑗)
(𝑟𝐾+𝑟𝐶𝑎)
2
4
𝑗=1 ]     (3.11) 
For any given configuration, the distance of nonbridging oxygens and the cations 
increases when an alkaline earth ion is replaced with a larger alkali cation; therefore, 
there is a positive exchange energy that increases the required activation energy of 
exchange. This prevents further potassium exchange for calcium and precludes the 
replacement of ions. From this point of view, magnesium might have a stronger 
influence; the influence of salts’s contamination by magnesium is an open questions 
deserves to be answered.  
The required amount of calcium needed to hinder completely the penetration of 
potassium into the glass can be estimated by calculating the number of sodium ions, 
alkali sites, on the surface of the glass and finding the corresponding concentration in 
the salt. In order to ease the estimation, the article can be considered as a cube with 
the length of 1 cm and the surface area is equal to 6 cm2. The available sodium sites 
in the first 10 nm of surface are about 1.6 nmol ( when the glass density= 2.34 g cm-3 
and the sodium oxide concentration is assumed to be 7 %). If all of sodium in this layer 
is replaced by calcium, 64 ng of calcium is requires. The glass-to-salt ratio in this study 
is smaller than 1:30; therefore, the required calcium in the salt must be larger than 64 
ppb.  
Although such estimation clearly presents the vital role of calcium in ion-exchange of 
alkali borosilicate glasses, it should be noted that because of several simplifications 
some crucial steps in ion exchange like absorption of calcium to the surface is not 
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considered and more studies considering the role of different mass transfer steps are 
required.   
 
 
 
Figure III-22 Schematic draw of non-bridging oxygens surrounding sodium sites: (a) sodium is 
replaced by potassium; (b) calcium took the site 
An extra point about the influence of calcium on the potassium exchange for sodium 
in borosilicate glasses is the role of temperature. The adsorption of calcium to the 
glass surface requires an activation energy that can be provided by temperature, this 
appearing as the fall in the relative concentration of potassium on the surface of glass 
after the treatment at 475°C, as we see in Figure III-20. 
  
3.1.4  Summary 
Potassium exchange for sodium, ion exchange, improves the mechanical performance 
of borosilicate glass used in pharmaceutical packaging; it is a proper technique for 
strengthening of samples. The glass becomes twice as strong as the raw glass after 
ion exchange in potassium nitrate salts.  
The glass composition, particularly CaO, plays a major role in the formation of surface 
compressive stress. The glass containing a larger amount of CaO shows smaller 
surface compression on the surface. However, the effect of such a difference on final 
strength and , therefore, the strengthening efficiency is not significant; the glass tubes 
 67 
 
containing different amounts of CaO showed almost the similar relative strength 
increase.  
Slat’s impurities affect the efficiency of chemical strengthening; the sodium 
contamination decreases the thermodynamic driving force of ion exchange and, 
consequently, influences the generation of compressive stress in the glass surface. 
However, the final strength of glass is not influenced significantly when soda 
borosilicate glass undergoes Na/K ion exchanged in salt containing 2500 ppm of Na. 
In contrast, even a limited amount of calcium, of the order of a few ppm, has a 
significant impact on chemical strengthening. By using a thermodynamic paradigm, it 
was found that sodium is replaced with calcium in the calcium-contaminated salts. This 
inhibits the potassium for sodium ion exchange and, consequently, the generation of 
compressive stress.  
 
3.1.5  Further studies 
Understanding the governing mechanism of the chemical strengthening of borosilicate 
glasses in calcium contaminated potassium nitrate salts is a must in improving the 
efficiency of the process. However, the diffusion of calcium into the glass and the 
affected layer by calcium is limited. This makes studying the influence of calcium on 
the surface properties of glass difficult.   
One possible approach to investigate the role of calcium is to consider the ion 
exchange process as a series of inter-diffusion steps and applying the conditions for 
the mass balance as presented before. Since the diffusion behaviour of the bulk glass 
remains unchanged in principle, the variations are due to the modifications of the glass 
by diffusion of calcium into the surface. Another benefit of such approach is to employ 
the modelling methods, like molecular dynamics, to guess the reactions in the interface 
layer [125].  
68 
 
 
Figure III-23 Schematic draw of the involved mass transport steps between different parts of 
glass during chemical strengthening 
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 Electric Field Assisted Ion Exchange of Borosilicate 
Glass 
Electric field assisted ion exchange produces thick exchanged layers in glass and can 
improve the efficiency of chemical strengthening; however, the inhomogeneous stress 
distribution is the main drawback of this technique. Several pharmaceutical products, 
such as vials and ampules, have a shape, i.e. cylinders, in which the stress distribution 
in the glass thickness is less important [82, 126]. This section reports on the E-field 
assisted ion exchange of borosilicate glass used in pharmaceutical packaging.  
3.2.1  Current density and E-field intensity 
Figure III-24 shows the current density as a function of time for borosilicate tubes 
immersed in the molten potassium nitrate bath and subjected to E-filed with intensities 
between 100 V cm-1 to 3000 V cm-1. The current density declines with time with a 
decreasing rate. The current density depends clearly on the E-field intensity and by 
applying an intense E-field the current density increases. During ion exchange, larger 
potassium ions, which are also less mobile, take the place of sodium ions. This 
replacement produces a layer with a higher resistivity; therefore, we expect that the 
resistivity of the sample also increases as the depth of exchanged layer continuously 
increases with time and , in turn, the current density decreases [56, 127]. By applying 
more intense E-fields, the mobile ions in glass are subjected to stronger forces; this 
producing higher current densities.  
 
Figure III-24 Current density against time in samples (test tubes) immersed in molten potassium 
nitrate and subjected to E-Field varying between 100 to 3000 V cm-1. A current density limit 
equal to 16 mA cm-2 is applied. 
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The variations of current density as a function of time during EF-IE sample (current 
density limit = 8 mA cm-2) are shown in Figure III-25. The samples show quite the 
same behaviour to ones prepared by applying the current limit of 16 mA cm-2; there is 
a span of time where the current density is equal to the applied limit for E-fields of 
2000 and 3000 V cm-1. In such cases, after a certain time, the current density 
decreases and resembles a curve similar to the presented ones in Figure III-24. 
 
Figure III-25 Current density against time in samples ( test tubes) immersed in molten 
potassium nitrate and subjected to E-Field varying between 100 to 3000 V cm-1. A current 
density limit equal to 16 mA cm-2 is applied. 
 
The current density variations against time for subjected samples to an E-field with the 
intensity of 3000 V cm-1 and different current density limits are presented in Figure 
III-26. The length of the constant current span is increasing by decreasing the current 
density limit; however, the area under the current density curve representing the 
amount of ions transferred through the glass is substantially constant. It is supposed 
that potassium takes only the place of sodium; therefore, this area is the representative 
of the amount of exchanged ions in samples.  
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Figure III-26  Current density against time in samples ( test tubes)  subjected to a 3000 V cm-1 
E-field with a current and current density limits of 4,8 and 16 mA cm-2 
The current density response of samples is slightly different from the reported 
behaviour for solid state electric field assisted ion exchange [109, 128-131], and 
thermal poling [132-134]. In such processes, there are one or two peaks in current 
density against time curves; those peaks are attributed to the migration of alkali ions 
towards the anode side. As the charge carriers are not replaced in the glass, the alkali 
ions (e.g. sodium ions) accumulate near one side of the glass, this generating a strong 
local E-field on the anode side and a highly electrical resistive glass on the cathode 
side of glass. In the case of solid state electric field assisted ion exchange, the 
mentioned process is followed by the oxidation of electrodes coated layer on the glass 
surfaces.  
On the contrary, in an electric field assisted ion exchange treatment by using a molten 
salt, e.g. potassium nitrate, the electric field accelerates ions in both the glass and salt. 
No peaks are observed in current density vs. time curves because no reactions like 
oxidation-reduction occur to yield required ions for ion conduction. As mentioned 
above the glass resistance increases as a result of the formation of exchanged layer 
where only potassium occupies the alkali sites. One can conclude that the resistance 
of glasses with equivalent exchanged layers are the same, this explaining the very 
similar behaviour of all samples subjected to the E-field with the intensity of 3000 V 
cm-1 after a certain time ( Figure III-26). 
The potassium concentration profiles were measured across the tubes subjected to 
the EF-IE for 10 min at 400 °C. The noise of measurement was removed by applying 
a low pass filter; then, the experimental data was fitted using Eq. 1.21 and illustrated 
in Figure III-27; a typical concentration profile of a tube subjected to ion exchange for 
72 
 
4 h is also presented for comparison. The concentration profiles contain a constant 
potassium concentration region followed by a rapid decrease of concentration. The 
depth of potassium rich layers increases by the intensity of applied electric field. 
 
Figure III-27 Relative potassium concentration profiles for the test tubes subjected to electric 
field-assisted ion exchange (EF-IE) at 400°C (Figure III-25), and conventional ion exchange at 
450°C for 4h  
Figure III-28 presents the chemical composition across the thickness of the sample 
treated by 2000 V cm-1 ; the oxide concentration of boron oxide is not presented 
because of the limitations of measurement technique. Sodium is replaced by 
potassium completely in the exchanged layer, 1 and 5 µm. At the border of constant 
potassium concentration region, some sodium is detected which is confirmed by the 
decreasing part of the concentration profile of potassium, shown in Figure III-27. In the 
internal surface of glass, the depth of 600 µm, both sodium and potassium are 
detected. The presence of potassium on the surface can be explained by the diffusion 
of cations in opposite direction of the electric field due to the chemical potential [7, 45, 
56, 57]. The silicon oxide concentration increases on the inner surface of the glass; a 
similar increase has been reported in the literature due to the structural modifications 
of glass to accommodate larger ions during ion exchange [75, 135]; however, such 
variations are likely not responsible for the observed increase in silicon oxide content. 
One can explain that by the accumulation of measurement error due to the 
measurement technique, EDS.     
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Figure III-28 Chemical composition, in wt%, of glass tubes subjected to EF-IE with an E-field of 
2000 V cm-1 and a current limit equal to 8 mA cm-2 across the wall  
The amount of potassium ions stuffed into the glass surface can be estimated by using 
either the concentration profiles or the current density vs. time curves. Figure III-29 
shows the depth of exchanged layer estimated by the current density vs. time curves 
and the depth directly measured from the concentration profiles. The depth of layer is 
chosen as the point where the concentration drops to 0.005 of the surface 
concentration of potassium.  
Considering the concentration of potassium related to the case depth, E 1.21 can be 
rewrite as:  
0.005⁡𝐶𝑘𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
𝐶𝑘𝑠𝑢𝑟𝑓𝑎𝑐𝑒
2
𝑒𝑟𝑓𝑐(
𝑥−𝜇𝐾𝐸𝑡
2√𝐷𝑡
)      (3.11) 
By considering the inverse of the complementary error function about 1.8, the depth 
of layer as function of the applied E-field is given by:  
𝑥 = (3.6√𝐷𝑡) + (𝜇𝐾𝑡)𝐸  (3.12) 
Eq. 3.12 shows a linear relation between the applied E-field and the case depth if the 
mobility ions and time of treatment is not influenced by the electric field. The measured 
data is close to the experimental results, and follow Eq. 3.12. Although there is a 
general deviation from the lines especially in higher fields.  
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Figure III-29 Depth of exchange layer as a function of the applied field; the depth is estimated 
from the current density-time curves and the concentration profiles.   
Changing the E-field polarisation is suggested as an approach to improve the 
performance of EF-IE through producing potassium for sodium ion-exchanged layers 
on both sides of glass [56, 126]. Figure III-30 shows current density variations of a test 
tube subjected to EF-IE when the polarisation of E-fields is reversed. The sample was 
prepared by applying an electric field with the intensity of 1000 V cm-1 in the direction 
from the exterior surface to the inside of the tube, and afterwards the field direction 
was inverted by keeping the E-field intensity constant. The current density attributed 
to the invert E-field is very similar to the current density of direct field before switching 
the field direction; then, it increases slightly and reaches a maximum following by a 
slight decreasing regime.  
 
Figure III-30 Current density as a function of time in the samples treated by inverting the E-field 
polarisation: initially an E-field (1000 V cm-1) was applied for 300 s and afterwards an E-field 
with the inverted polarisation was applied 
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When the E-field has inverted the movement direction of alkali ions in the glass is 
reversed as well. Potassium ions in the exchanged layer must be pushed back and 
replaced with sodium ions from the glass bulk while a new exchanged layer is being 
produced on another side of glass. Therefore, the net thickness of layers undergone 
the ion exchange is eventually constant and, consequently, the resistance of glass is 
not changing; the sample shows a similar current density to the forward field after 
reversing the polarisation when the E-field intensity is not changed ( Figure III-30).  
Figure III-31 shows the current density variations versus time of samples subjected to 
two-step ion exchange in which the intensity of inverse electric field is 2000 V cm-1. 
The current density increases until it reaches a peak after reversing the polarisation. 
The alkali ions are accelerated in the E-field direction depending on the ion mobility; 
therefore, sodium moves faster than potassium ions in glass. Applying a stronger E-
field causes that sodium penetrates into the exchanged layer, this producing a layer 
containing two alkali ions. In the exchanged layer, the conductivity of glass is larger 
than the parent glass; this phenomenon is in contrast with the expected behaviour 
form the mixed alkali effect (an increase in resistance) [32, 52, 136, 137]. As a 
consequence, the current density increases.  
 
Figure III-31 Current density as a function of time in the samples treated by inverting the E-field 
polarisation: initially an E-field (1000 V cm-1) was applied for 300 s and, then, an E-field with the 
intensity of 2000 V cm-1 and inverted polarisation was applied 
Figure III-32 shows sodium and potassium concentration profiles of samples subjected 
to EF-IE shown in Figure III-31. The concentration profiles are collected near the 
samples surface according to the following order: the profile (I) is related to the sample 
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subjected to the direct E-field of 1000 V cm-1 for 300 s. The next profile corresponds 
to the sample prepared by reversing the E-field and increasing the field intensity to 
2000 V cm-1; this sample was subjected to the E-field for 50 s which is located before 
the peak centre of current density curve, point (II). The invert E-field pushes backwards 
the exchanged layer; besides, sodium advances into the potassium exchanged layer 
faster than potassium, as expected from the ion mobility. The decreasing part of 
concertation profiles depends on the applied electric field intensity and the diffusion 
coefficient of the glass according to Eq. 1.21.   
 
Figure III-32 Potassium concentration profiles in samples subjected initially to a 1000 V cm-1 E-
field and afterwards treated by applying a reverse field with the intensity of 2000 V cm-1. The 
concentration profiles were measured on the samples at the points marked in Figure III-31. (a) 
shows sodium concentration profiles and (b) illustrates K concentration profiles. 
The slope of concentration profiles becomes steeper, perhaps, because of the 
increase of the diffusion coefficient of ions in the layer subjected to potassium 
exchange for sodium. The sodium containing layer extends to the surface of the 
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samples subjected to the reverse E-field until the point (III), and potassium steps back 
a little. Subjecting to the reverse field for longer causes the concentration of sodium 
becomes constant within the layer (IV). It seems that potassium rich layer moves back 
until a certain point after reversing the E-field. It should be noted that the potassium 
concentration on the surface decreases slightly after point (III); this has been not 
presented in Figure III-32 to ease the profiles comparison.  
During the reverse regime of EF-IE, when there is a layer containing both Na and K, 
the transfer of cations can be conducted through the alkali sites occupied by the similar 
ions because ionic jumps in the direction of the applied E-field is energetically 
favoured. Such phenomenon can be anticipated from Eq. 3.9 when the ionic size and 
charge of potassium and sodium are used; hence, the glass can be assumed to 
contain two split paths for mass transfer. This glass can be modelled by two resistors 
in a parallel configuration in which most of the current passing through the part with 
the preferential path for charge carriers ( alkali ions); consequently, the thickness of 
the produced layer in the initial step remains eventually constant (Figure III-33). 
 
Figure III-33 Equivalent circuit for modelling the current path when the polarisation is reversed 
The concentration profiles produced in samples by applying an AC field with the sine 
waveform (frequency of 100 Hz) and the intensity of 1000 V cm-1 is shown in Figure 
III-34; the E-field were kept on for 10 min and 60 min. An exchanged layer with the 
thickness of 5 µm is produced in the samples treated for 60 min. One may note that 
when an AC field with sine waveform is applied, the maximum field intensity is applied 
for a short time and, therefore, the exposure time in these treatments is different from 
the DC field. It seems applying an AC field can be used to produce concentration 
profiles which have the characteristics of the EF-IE (depth and shape) on both sides 
of glass. However, implementing this method requires more investigations.   
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Subjecting to the electric field, stuffing and movement of larger potassium ions in the 
glass structure are probably responsible for structural changes and the formation of a 
new glass which has a structure more similar to the raw glass than an as-melted glass 
with the same chemical composition. The modified structure allows the alkali ions to 
move faster in the structure, and advance rapidly into the exchanged layer near the 
surface [53, 54]. The applied electric field probably provides the required energy for 
changing the glass structure. The following part investigates the influence of applied 
E-field on the ion mobility and the diffusion coefficient of potassium.  
 
Figure III-34 potassium concentration profiles produced in glass tubes by subjecting the 
samples to an AC E-field with a square waveform with the frequency of 100 Hz and intensity of 
1000 V cm-1: the E-field was applied for 10 and 60 min. 
3.2.2  Diffusion coefficient under an electric field  
The variations of diffusion coefficient against temperature were initially checked by 
immersing the glass tubes in the molten potassium nitrate salt for 4 h at temperatures 
varying between 400 to 500°C. Then, the concentration profiles were measured near 
the glass surface using EDS measurements, and afterwards the profiles were fitted by 
Eq. 1.12 in order to estimate the diffusion (inter-diffusion) coefficient. By considering 
the diffusion coefficient as a function of temperature, Eq. 1.13, it is possible to find the 
required activation energy for diffusion, Q.  
Figure III-35 shows the measured inter-diffusion coefficient against the treatment 
temperature using linearized coordination from Eq. 1.13. The activation energy of 
diffusion is 94 kJ mol-1, which agrees fairly with the other measurements on sodium-
potassium inter-diffusion in soda-borosilicate glass [39, 40, 138]. As expected, 
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temperature provides the activation energy for mobility of ions and, as a result, the 
inter-diffusion coefficient increases.  
 
Figure III-35 Logarithm of the measured diffusion coefficient, D, against the reciprocal 
temperature; the samples were kept in the molten potassium nitrate for 4 h.   
We can also estimate the diffusion coefficient from the concentration profiles produced 
by EF-IE. The concentration profiles presented in Figure III-28 were fitted using Eq. 
1.21. The experiment conditions influence the diffusion coefficient measurement; 
therefore, a reference sample was immersed in pure potassium nitrate for 1h and the 
diffusion coefficient was measured as the reference point. The measured diffusion 
coefficients are different from the measured values using the thermal activation 
process which is probably due to the influence of applied E-field on the mobility of ions. 
Nonetheless, here the variations of the coefficients are of interest, not the absolute 
values; therefore, the estimated values are referred as “apparent diffusion coefficient”. 
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Figure III-36 Apparent diffusion coefficient of potassium in the glass against the applied E-field 
The apparent diffusion coefficient goes up and down around the measured value for 
the reference sample.  The sample subjected to an E-field with the intensity of 2000 V 
cm-1 shows a clear increase in the relative diffusion coefficient; such behaviour has 
also been observed in electric field assisted ion exchange of soda lime silicate glass, 
which is reported in Appendix II.  
Figure III-37 shows the glass tube resistivity, which is calculated from the ratio of 
applied E-field to the current density, against the applied field. It should be noted that 
titanium electrodes were used in sample preparation and an oxide layer is produced 
on the electrodes during the process because of the corrosion of metal which 
increases the resistance of the cell in the first seconds of applying the E-field [139-
141]. Then, after a certain E-field and current density, the oxide layer is destroyed 
[142]. The interference of the oxide layer was removed from the measured values, and 
the real electric field was considered in measurements.   
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Figure III-37 Evolution of resistivity as a function of applied electric field for glasses immersed in 
potassium nitrate at 400°C; The second x-axis presents the applied E-field regarding the power 
supply output voltage 
The resistivity of glass increases continuously with increasing the applied E-field. The 
initial and final regimes of experimental data were fitted by linear functions; the fitting 
lines are only to point out the change of the increase rate. The increase rate of 
resistivity decreases by applying stronger fields.   
The ion-exchanged layer and bulk glass can be considered as two resistors in a series 
configuration, as illustrated in Figure III-38. The resistance of glass against time can 
be estimated by using the equation describing the concentration profiles as a function 
of time. If we consider the glass resistance in the exchange layer constant, the 
resistance of glass can be calculated by: 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑥𝑅𝑒𝑥𝑐ℎ + (1 − 𝑥)𝑅𝑏𝑢𝑙𝑘     (3.13) 
where Rexch and Rbulk are the resistivities of the exchanged layer and the bulk, 
respectively. x is the ratio between the exchanged layer and the glass thickness. If we 
consider that the thickness of the exchanged is negligible compared to sample 
thickness ( in this case, 20 µm vs. 600 µm), the current density, J, is a function of 
resistivity under the constant applied voltage as:  
𝐽 =
𝑉
𝐴⁄
𝑥𝑅𝑒𝑥𝑐ℎ+𝑅𝑏𝑢𝑙𝑘
                            (3.14)  
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Figure III-38 Equivalent circuit model of a glass subjected to electric field assisted ion exchange 
[126] 
By replacing the thickness of layer from Eq. 3.12, and using R=l/A, Eq. 3.14 can be 
re-written as:  
𝐽 =
𝑉
(3.6√𝐷𝑡+𝜇0𝐸𝑡)𝜌𝑒𝑥𝑐ℎ+𝜌𝑁𝑎
          (3.15) 
If we assume that the mobility of ions and, consequently, the resistivity and 
conductivity of glass are constant with time, the current density curves versus time can 
be fitted by Eq. 3.15. Figure III-39 shows the fitted curve using the data given in Figure 
III-25 in the slot between 20 s and 550 s in order to avoid the current density limit 
influence. The estimated constants of the fitting curves are summarised in Table 13. It 
should be noted the physical meaning of each constant lies out of the interest of this 
text and the experience of author. Nevertheless, it is interesting to consider the 
variations of the parameters of the applied field. We see that the resistivity of the bulk 
glass, which contains sodium, decreases continuously by increasing the applies E-
field; conversely, the parameter corresponding the mobility of the ions in the 
exchanges layer is practically constant. Both of these are perhaps related to the 
evolution of the glass structure because of the influence of the applied E-field [68, 75, 
109, 131, 143]. In the following section, we investigate the glass structure in the ion-
exchanged layer and the bulk glass by Raman spectroscopy.  
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Figure III-39 Current density as a function of time; the curves are drawn by using Eq. 3.15 and 
fitting the points shown in Figure III-25.  
Table 13 Constants estimated by fitting the current density versus time curves shown in Figure 
III-25; the numbers between parentheses are representative of the generated error in 
calculations  
E-field(V cm-1) C1: 𝟑. 𝟔𝝆𝑲√𝑫 C2:𝝁𝑬𝝆𝑲 C3:𝝆𝑵𝒂 
100 625(10) 25(0) 7727(40) 
200 1029(8) 22(0) 6214(35) 
500 2000(14) 29(1) 3966(47) 
1000 2998(11) 24(0) 1666(43) 
2000 4703(45) 25(2) -4324(155) 
 
3.2.3  Structural Modifications 
The glass structure was studied by collecting micro-Raman spectra on the raw glass; 
and across the samples undergone EF-IE using an E-field with the intensity of 2000 V 
cm-1. The collected spectra on the raw glass is shown in Figure III-40. 
The spectrum can be split into four main regions. The first frequency region, between 
200 and 650 cm-1, is attributed to the mix stretching and bending of Si-O-Si units [75, 
144-146]. The maximum of the regions is at about 500 cm-1; this frequency is assigned 
to the Si-O-Si bending [145, 147]. The Raman intensity at the low-frequency region is 
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related to Si-O-Si vibrations and changing in bond angle causes the asymmetric band 
in this frequency.   
The 650-850 cm-1 region involves two significant peaks centred at 650 and 800 cm-1. 
The latter is related to the asymmetric Si motion in Si-O cages [75, 147, 148]. The first 
peak locates in a region known to be attributed to the metaborate rings, and other 
borate and borosilicate-ring units [147]. The characteristic peak of tetraborate groups, 
670 cm-1, matches well to the appeared peak. However, the peak can be also 
attributed to the breathing mode of borosilicate ring at 630 cm-1. It should be noted that 
the glass composition contains about 10 wt. % of B2O3; therefore, some peaks may 
be hindered by the effect of Si-O bonds, which is fairly in agreement with the reported 
spectra related to the alkali alkaline earth borosilicate glasses [147, 149].   
The peaks in the region between 850 to 1250 cm-1 are due to the stretching of Si-O 
bond within silicate tetrahedra [144, 145, 148, 150]. The Raman shift is related to the 
Si-O bond length, which is making the higher wavenumber peaks attributed to the 
shorter bond length. Consequently, the peaks located in this region are related to Q1, 
Q2, Q3 and Q4 respectively. By the deconvolution of this region, the glass structure can 
be studied and the relative concentration of the Qn species can be found. It should be 
noted that such quantifications intend to show the possible variations of the glass 
structure; in fact, an accurate quantification needs to considered all the activities 
located in peak pockets.  
The last region between 1250 to 1800 cm-1 can be assigned to B-O stretching in chains 
of metaborate groups [151-153]. The peak centred at 1410 cm-1 is attributed BO3 units 
connecting BO4; whereas, the component at about 1480 cm-1 corresponds to BO3 units 
bonding BO3 units [149]. Though this region can be used to study the evolution of 
glass structure during electric field assisted ion exchange, using deconvolution of 
peaks and quantitative methods is not accurate due to the low intensity of boron oxide 
unites in the spectra.  
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Figure III-40 Micro-Raman spectrum collected from the raw borosilicate glass before EF-IE  
Raman spectra collected from the layer beneath the tube surface where underwent 
the ion exchange by EF-IE and the middle of the tube wall which is not affected by 
replacing of ions are shown in Figure III-41; the wavenumber is limited to the region 
related to the Qn species. The spectra shape is clearly changed in the region between 
1000 to 1300 cm-1. Furthermore, the maximum intensity of the region is shifted to the 
lower wavenumbers. The change of the spectrum is due to the modifications of glass 
structure by changing the population of Qn species during electric field assisted ion 
exchange.  
The region was fitted by four gaussian peaks; the initial peak centres were chosen at 
around the reported values in literature[144, 148]; then the constraint was removed 
and the peak centres were considered flexible to achieve the best fitting. The final 
peaks were located at 930, 1040, 1125 and 1188 cm-1 that are attributed to Q1, Q2, Q3 
and Q4 respectively; the corresponding Qn species were selected by considering the 
length of Si-O bond in Qn units . The location of the Qn species is slightly different from 
the Raman shifts reported in the literature for silicate glasses; this is probably related 
to the presence of boron in the glass composition and changes in silicon-oxygen 
bonding. The mismatch of the fitting spectrum and the experimental data is probably 
related to the splifications have been taken about Qn units as well as BO4 and BO3 
species.  
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Figure III-41 Micro-Raman spectra in the region of 850 to 1250 cm-1 taken from the glass bulk 
and edge( EF-IE): Borosilicate glass: (a) bulk, (b) Ion-exchanged layer 
The intensity of Raman shift is given by: 
𝐼𝑅 ∝ 𝜗
4𝐼0𝑁 (
𝜕𝛼
𝜕𝐴
)
2
⁡⁡                 (3.16) 
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where I0 and  are the incident laser intensity and frequency respectively, N being the 
number of scattering molecules in a given state,  is the polarizability of the molecules, 
and A is the vibrational amplitude; (/A) is the Raman cross section. During the 
collection of Raman spectrum of Qn species in samples, all the parameters of Eq. 3.16 
are constant but IR and N [154]. In practice, the intensity of peaks is the function of 
only the concentration of each species; nonetheless, it can be considered directly 
related to the intensity of Raman shift associated with the species. The intensities of 
fitted peaks to the collected spectra were used to check the variations of the Qn 
species by subjecting to electric field assisted ion exchange.  
Figure III-42 shows the relative concentration of Qn series calculated from the spectra 
presented in Figure III-41. The concentration of Q2 decreases clearly and the amount 
of Q3 increases. Ingram, M.D. et al. have reported that the silicate glass structure 
changes during the diffusion of larger potassium ions and the bonds of Qn species 
break and reform to make a path for ion movement, CIRON [53]. The corresponding 
reaction of the proposed structural evolution is described as: 
𝑄2 + 𝑄4 ↔ 2𝑄3        (3.7) 
 
Figure III-42 Relative concentration of Qn species in glass estimated from Raman spectra in 
Figure III-41 
According to Figure III-42, the decrease in Q2 concentration and the increase of Q3 
agree well with the proposed reaction for structural modifications ( Eq. 3.7); however, 
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the concentration of Q4 is almost constant and does not change. The of the detection 
of the peak corresponding Q3’ units during stuffing ions may be related to the apparent 
constant concentration of Q4. Matson et al. reported a shoulder at 1150 cm-1, attributed 
to the formation of Q3’ units [145]. This unit is a Q3 with two different second neighbour 
environment [75]; such an environment is probably formed because of stuffing larger 
potassium ions in the glass structure.  
Breaking and rearranging of the local bonds in the glass during electric field assisted 
ion exchange might produce a fully dense or relaxed glass with a structure similar to 
the as-melt glass. The lack of compressive stress on the surface of samples treated 
by EF-IE makes the ion exchange inefficient by the chemical strengthening point of 
view.  
3.2.4  Mechanical performance 
Figure III-43 shows the impressions of Vickers indentations on the surface of Raw 
glass, chemically strengthened and subjected to EF-IE. The indentations were 
produced using a maximum load of 19.62 N and the indentation time of 15s. The radial 
and median cracks are generated and well developed from the corners of indentation 
impression on the raw glass surface; some secondary cracks are also observed 
expanded from the Vickers’ pyramid imprint (Figure III-43-a); furthermore, lateral 
cracks are also present beneath the glass surface and exhibiting by the birefringence 
of light. 
 
Figure III-43 Vickers indentations on glasses: (a) Raw tubes, (b) conventional ion exchanged 
and (c) ion-exchanged under E-filed (2000 V cm-1) 
The compressive stress generated on the glass surface by ion exchange on the glass 
surface precludes the propagation of cracks on the surface (Figure III-43-b). No cracks 
are observed on the surface of samples subjected to EF-IE; this is probably related to 
the generation of a strong compressive stress on the surface that prevents the 
nucleation of the cracks in the glass.  
 89 
 
The optical methods cannot be employed for measuring the generated stress on the 
surface of samples subjected to EF-IE as no cracks are formed on the surface. The 
compressive stress on the surface can be measured using the load-displacement 
curves of Vickers indentation. Figure III-44 shows the load-displacement data of 
samples subjected to Vickers’ indentations with the constant loading rate of 16 mN s-
1. The experimental data was fitted using Kick’s law [155]. The displacement span 
between 1000 to 1400 nm is zoomed in Figure III-44-b.  
 
Figure III-44 Load−displacement curve produced from indentation of Raw glass, conventionally 
ion exchange at 450°C for 4 h and subjected to EF-IE ( 2000 V cm-1). 
The compressive stress (CS) on the surface acts as a hydrostatic pressure on the 
surface that prevents the penetration of invading indenter ( as discussed in section 
2.3.2 ). The load required for certain penetration increases when the samples is treated 
by chemical strengthening according to Figure III-44-b; the surface compression 
generated by EF-IE is larger than conventional chemical strengthening. The CS on the 
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surface of glass after EF-IE is larger than the conventional ion exchange. The 
estimated compressive stresses are summarised in Table 14. 
Table 14 Estimated compressive stress on the surface of tubes using the LOAD-
DISPLACEMENT curves shown in Figure III-44; the numbers between parentheses present the 
errors in estimation   
 Conv. Ion Exchange EF-IE 
Compressive Stress (MPa) 470 (120) 610 (100) 
 
Figure III-45 shows the bending strength of glass tubes using Weibull distribution. The 
samples were treated by EF-IE with a filed with the intensity of 1000 V cm-1 for 600 s 
in order to produce an exchanged layer as deep as the layer produced by chemical 
strengthening at 450 °C for 4h. The strength of samples produced by subjecting to EF-
IE through reversing the polarisation are also presented; the exchanged layer is 
produced on both sides of glass with the same depth. 
 
Figure III-45 Weibull distributions of glass tubes strength.  Fitting lines used for the 
determination of Weibull modulus (m) and specific characteristic strength (reported values) are 
shown ( F= failure probability) 
Although EF-IE (1000 V cm-1 and 10 min) is as efficient as the conventional 
strengthening at 450 for 4 h , the strength of samples became more scattered. The 
scattering can be related to the inhomogeneous distribution of the compressive stress 
across the glass. The generated compressive stress is larger than conventional 
strengthening (Figure III-44); furthermore, its depth is probably following the depth of 
exchange layer (Figure III-28). One may note that when a very deep ion exchange 
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layer is produced on outer surface of glass, the tensile stress generated in the inner 
surface can cause the failure of samples. 
The samples treated by producing exchanged layers on both sides show more 
scattered strength than the single EF-IE samples. However, the characteristic strength 
of these samples is increased by EF-IE. The scattered strength is likely related to the 
manual treatment and variations of treatment condition. The chemical corrosion of 
samples, in particular by the salts anions, may account for the possible crack growth 
below the critical tensile stress [57]; understanding this phenomena requires more 
studies.  
3.2.5  Summary and further studies  
Potassium exchange for sodium by electric field assisted ion exchange (EF-IE) 
generates strong compressive stress in the surface of borosilicate glasses. Applying 
an electric field decreases the required time for producing an exchanged layer that 
can cover the surface flaws of glass; therefore, EF-IE augments the glass strength. 
The E-field intensity plays a vital role in EF-IE by influencing the mobility of ions and 
the glass structure. Applying an E-field stronger than 1000 V cm-1 speeds up the 
potassium penetration into the glass and a deep compressive layer can be produced 
in the glass. However, the inhomogeneous distribution of stress in samples is an 
impediment to using EF-IE as a strengthening method.    
By changing the E-field polarisation, the exchanged layer can be produced on the both 
sides of glass; when the polarisation is reversed a few sites in the exchanged layer 
are used for the penetration of sodium and, hence, most of the compressive stress 
generated by the stuffing of ions remains on the surface. Therefore, it is possible to 
use electric field assisted ion exchange for strengthening of flat glasses; however, 
implementing this technique requires more studies.  
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 Chemical strengthening of flat borosilicate glass 
This section investigates the influence of potassium for sodium exchange on the final 
mechanical performance of thin borosilicate glass. Furthermore, some heat treatments 
like annealing before the ion exchange process and heat treatments after ion 
exchange are examined with the aim of improving the final performance.   
The concentration of alkali elements, which are involved in the exchange process, was 
estimated first by X-Ray Fluorescence analysis (XRF).  X-ray beam emitted from a Mo 
cathode by the accelerating voltage of 40 kV was used for the X-ray fluorescence 
excitations; the fluorescence radiation of sample was collected with a solid state 
detector (Amptek X123). The X-ray spectrum was collected in a 20-min time span, and 
afterwards the concentration of elements was estimated using the spectrum fitting 
experimental data according to the method reported by Lutterotti, L. et al [156] . Figure 
III-46 shows the collected X-ray spectra in 1.5 to 3.75 keV window and the fitting 
spectrum; the estimated concentration of potassium and silicon are summarised in 
Table 15. It should be noted that the used setup can not detect the concentration of 
sodium in the samples. The potassium exchange for sodium is important in chemical 
strengthening; hence, the relative concentration of alkali elements, sodium and 
potassium, was estimated by EDS.  
 
Figure III-46 XRF spectrum of the thin borosilicate glass, D263 Teco,  in the spectrum within 
1.5-3.7 keV window; Exp. : experimental data, Cal. Calculated 
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Table 15 Estimated concentration of potassium and silicon of thin glass estimated by fitting the 
XRF spectrum,  
 Silicon Potassium 
Weight Ratio  0.393 0.464 
Molar Ratio 0.057 0.095 
 
3.3.1  Sodium-Potassium Ion Exchange 
The surface chemical composition of thin glass was checked by EDS before and after 
immersing in the molten potassium nitrate bath at 375, 425 and 475°C for 4h. The 
relative molar concentration of sodium and potassium ( Na/(Na+K) and K/(Na+K)) are 
in Figure III-47 .We see that sodium is replaced almost entirely with potassium on the 
surface of glass after immersing in the salt; however, the ratio varies slightly for the 
samples treated at different temperatures.  
 
Figure III-47 Relative concentration of sodium and potassium, by considering the molar ratio,  
on the surface of thin borosilicate glass before and after immersing in molten potassium nitrate 
The potassium concentration profiles near the surface of ion-exchanged samples, 
measured by EDS, are shown in Figure III-48. The chemical composition in the middle 
of each sample was considered as the baseline of concentration profiles; then, the 
noise of data was removed using a low pass filter, and afterwards the profiles were 
fitted using Eq. 1.12. The fitting lines are also shown in Figure III-48 to ease the 
comparison. The depth of layer extends to more than 40 µm by subjecting to ion 
exchange at 475°C. The treatment at 425°C, which is a typical temperature for 
borosilicate glasses ( section 3.1.2 ), produces an exchanged layer thicker than typical 
flaws generated during processing [11, 13, 157, 158]. The inter-diffusion coefficient of 
K was estimated in samples via the concentration profiles; Figure III-49 shows the 
inter-diffusion coefficients in a linear coordination system ( logarithm of coefficient 
versus reciprocal temperature using Eq. 1.13). The activation energy of diffusion is 
estimated  about 84 kJ mol-1 by fitting the points with a linear function  
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Figure III-48 Representative concentration profiles estimated from the measured line scans 
near the surface of thin borosilicate glass, subjected to ion exchange by immersing for 4 h in 
molten potassium nitrate  
This value is slightly lower than the reported value for alkali borosilicate glasses ( 
Figure III-35).  The glass contains two alkali ions, sodium and potassium; therefore, 
the mixed alkali effect is probably responsible for the smaller activation energy for 
inter-diffusion of the ions [22, 52, 54, 137, 146].  
 
Figure III-49 Logarithm of the measured inter-diffusion coefficient, D, against the reciprocal 
temperature; the samples were immersed in molten potassium nitrate for 4 h.   
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Figure III-50 presents the surface compressive stress and its corresponding case 
depth, produced by subjecting to ion exchange for 4 h, as a function of the treatment 
temperature. The compressive stress, first, increases with increasing the temperature; 
then, it declines with the temperature increase. The stress generation in the glass is 
due to stuffing larger potassium ions into the smaller sites of sodium; the rate of ion 
exchange and, consequently, stuffing the ions increases when a higher temperature 
is used. The stress diminution is due to stress relaxation at high temperatures near 
Tg. Conversely, the case depth of stress extends continuously because of the increase 
of diffusion coefficient with temperature. 
 
Figure III-50 Surface compressive stress and the corresponding case depth as function of the 
treatment temperature in the thin borosilicate glass 
Figure III-51 shows the strength of samples using the Weibull distribution. Because of 
the thickness of samples, 200 µm, the samples deformation during the ring-on-ring 
tests goes beyond the validity of linear elastic mechanics; therefore, the formulation is 
not applicable to measure the strength of samples. Using the failure load instead of 
the samples strength is , nonetheless, a reliable indicator of the strength of samples 
[7]. Moreover, we use the relative failure load to present the variations of strength in a 
clearer manner.  
Potassium exchange for sodium augments the strength of samples. The glass 
becomes three times as strong the as-cut samples after Na/K ion exchange at 425°C 
for 4 h. We see that the strength of samples is smaller after being subjected to ion 
exchange at 475°C compared to the other treatment conditions. Figure III-50 revealed 
that the increase of case depth at 475°C is at the cost of compressive stress.  One 
can conclude that the surface compression is not strong enough to “reinforce” the 
surface flaws even though it can cover most of the surface flaws.  
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Samples with the dimensions of 150  15  0.2 mm3 were also produced and 
subjected to chemical strengthening at 425 °C for 4 h. These samples were tested by 
two-point bending configurations. The bending strength of samples was estimated 
around 372  20 MPa, which is substantially the same as the compressive stress 
present on the surface; whilst, raw samples broke during fixing between the fixture. 
Figure III-52 shows the fracture pattern of samples as cut and treated samples.  
Ion exchange and, consequently, the presence of surface compression are 
responsible for the increase of the sample deflection before failure; as a result, the 
elastic energy becomes larger and crack branching occurs more during the failure [12, 
159]. We see that the energy dissipation in the ion-exchanged sample produces a lot 
of bifurcated cracks, while branching rarely occurs in the as cut glass.   
 
Figure III-51 Weibull distribution of the relative strength of as cut flat glass, and treated at 425 
and 475 °C.   
The samples failure always started from the edge of the sample the cracks propagate 
across the glass. Figure III-53 shows the origin of crack propagation on the glass edge; 
the images were taken before the bending test.  
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Figure III-52 Photographs of branching trees in (a) as-cut and (b) ion-exchanged glass at 
425°C for 4h; Note the different magnification of images  
Samples were produced by the scribe and bend technique; during scribing the glass, 
median cracks are formed on the surface and some “secondary median cracks” are 
also generated because of the fluctuations in the applied load of scribing. Although 
these cracks are “reinforced” by chemical strengthening, at a certain deformation the 
compressive stress at the crack tip is counterbalanced by the tensile stress due to 
deflection and the crack propagates. Therefore, the failure of all samples occur in a 
very narrow window of deformation, or stress. The samples were also subjected to 
dynamic fatigue tests under a bending load that varied between 0.7 to 0.9 of failure 
strain; interestingly, no failure in glass has been observed after 100000 cycles. This 
property is useful when the glass is going to be used in process such as roll-to-roll 
manufacturing.  
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Figure III-53 Micrograph taken from thin borosilicate glass after cutting; median cracks form 
during the cutting process (a), in some locations some secondary the fluctuations of cutting 
load generates secondary median cracks.  
The Vickers’ indentation impressions produced on the raw glass and strengthened at 
425°C for 4 h are shown in Figure III-54. Median/radial cracks are formed around the 
indentation imprint produced by 1.96 N on the as-cut glass (raw glass); by increasing 
the applied load, the cracks develop and expands in the sample. The lateral cracks 
are also formed beneath the surface and exhibit birefringence of light in the samples 
subjected to a load larger than 4.9 N.  
We see that, the glass surface surrounding the Vickers’ impression is crack free in the 
samples subjected to ion exchange. The presence of compressive stress in the 
surface is responsible for preventing the nucleation of median/radial and lateral cracks. 
However, we see that the shear faults are formed on the lateral faces of the imprint.  
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Figure III-54 Indentation imprints produced on as-cut and ion-exchanged glass; (a-d) as-cut 
sample; (e-h) ion-exchanged glass at 425°C for 4h; Indentations were produced by using load 
of  (a and d): 1.96 N, (b &e): 4.91, (c & g): 9.81 and (d & h): 19.62 N; Note the different 
magnification of images 
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The invading indenter produces two types of stress on the surface: hydrostatic 
compression and shear stress [1, 97, 160-163]. The first one accounts for the 
densification of glass under load and the latter is responsible for the plastic 
deformation in the matter. By the penetration of a sharp indenter into the glass, the 
strain mismatch at the apex of invading pyramid produces the crack nucleus. The 
formation of shear faults changes the strain constraint; the produced faults are located 
in the compressive zone and, hence, the extension of such faults is not possible. 
Nonetheless, when the shear faults join, a median crack nucleus is generated from 
which the crack can extend. It is worthy to mention that because of the limited 
thickness of glass, the internal tensile stress is significant; therefore, stable crack 
growth occurs. We seldom observed such cracking in samples (it happened in less 
than one percent of indentations when using loads are larger than 29.43 N).  
Stuffing of larger potassium ions into the smaller sodium sites causes dimensional 
swellings [164]; such dimensional changes may be adjusted by reduction of glass free 
volume [63, 73, 119]. One can expect that stuffing ions into a denser structure 
produces larger compressive stress and, therefore, results in more efficient chemical 
strengthening [165]. The glass structure and, hence, its free volume are influenced by 
the thermal history: annealing the glass before chemical strengthening changes the 
thermal history and might influence stress build up. 
3.3.2  Effect of Annealing 
In this section, we investigate the influences of the annealing on the final strength of 
ion-exchanged glass.  The Vickers’ hardness of glass before and after annealing for 
16 h at 425°C is shown in Figure III-55. Despite the significant overlap between the 
measured data ranges, there is an evident hardness increase after annealing if the 
mean values are considered. This, by and large, helps us compare the hardness 
variations. According to the Vickers’ imprints produced by applying low loads, the 
hardness of glass is slightly increased after annealing, which is perhaps related to the 
variation of the elastic recovery of glass. The measured hardness of annealed glass 
is higher than the raw glass when it is measured by loads of 9.81 and 19.62 N. When 
the applied load is larger than 9.81 N, the produced cracks can be as long as the 
sample thickness; this probably changes the system compliance and influences the 
measurement (as shown in Figure III-56; the indentations were made by 9.81 N and 
19.62 N).   
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Figure III-55 Vickers’ hardness measured on the surface of as-cut and annealed glass for 16 h 
at 425°C  
 
Figure III-56 Vickers impression on the surface of as-cut glass by using a load equal to (a) 9.81 
N and (b) 19.62 N 
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Figure III-57 shows the length of cracks produced by the indentation as a function of 
applied load in a linear coordination using Eq. 3.1. The glass toughness is practically 
the same before and after annealing. It should be noted that the crack length 
corresponding the load of 19.62 N are excluded from the experimental data because 
of the crack length, as discussed before.  
 
Figure III-57 Crack length as a function of the applied load in Vickers indentation on the surface 
of annealed and as cut glass.  
Figure III-58 shows the heat flow and its derivative measured by DSC of as-cut and 
annealed glass. After the heat treatment for 16h at 425°C, the glass-transition 
temperature decreases slightly but significantly to a lower temperature.  
It is mentioned before that the glass-transition temperature depends on the glass 
thermal history and the structure; therefore, the structural change is responsible for 
the glass-transition temperature decrease. If we assume that the glass has a positive 
thermal expansion coefficient4,  7.2  10-6  K-1, one can conclude that the volume of 
glass also decreases by subjecting to an elevated temperature below the transition 
temperature [70, 165].  
The annealed samples were immersed in molten KNO3 at 425°C for 4 h. Table 16 
summarises the compressive stress and the case depth in samples.  The annealed 
                                                                        
4 The coefficient of thermal expansion is taken from the glass specification 
provided by Schott AG 
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samples show a slightly larger compressive stress on the surface compared to the raw 
glass subjected to ion exchange in the same conditions. The compressive stress 
increase can be explained by considering the analogy between the invasion of a sharp 
indenter to the surface and the penetration of a larger ions [1]. A sharp indenter strains 
glass against the surface and generates stress because of the elastic deformations of 
glass; then, the glass undergoes the plastic deformation after exceeding the yield 
strength. The stiffer glass network is probably responsible for the production of a larger 
compressive stress on the glass surface. The larger stress, produced by the denser 
glass structure, is confirming the reported results by Svenson et al. [165]. However, 
the dense structure of glass impedes the potassium penetration and, consequently, 
decreases the case depth.  
 
Figure III-58  Normalized heat flux and its derivative (from DSC analysis) against temperature 
for as-received and annealed glass for 16h at 425°C, (a) Heat flux curve, (b) the derivative of 
DSC curve. 
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Table 16 the compressive stress and the case depth produced on the surface of as-cut and 
annealed glass by ion exchange at 425°C for 4 h 
 Compressive stress (MPa) Case depth (µm) 
Ion Exchanged (IE) 307(10) 20.5 (0.2) 
Annealed and 
 Ion Exchanged 
331 (15) 16.9 (0.3) 
 
Figure III-59 shows the hardness of glass after ion exchange in KNO3. The glass 
hardness improves after ion exchange; we also see that the annealed glass shows a 
slightly larger hardness. As mentioned above, the increase of elastic modulus, which 
is a result of the denser structure, is probably responsible for the increase in elastic 
recovery and the hardness of glass.   
 
Figure III-59 Vickers’ hardness measured on the surface of as-cut and annealed glass for 16 h 
at 425°C after subjecting to ion exchange in molten potassium nitrate.  
The strength of annealed sample after the treatment at 425°C for 4 h is shown in 
Figure III-60 using Weibull distribution. The strength of both samples, ion exchange 
and annealed/ion-exchanged, is statistically identical (Kolmogorov-Smirnov test, P= 
0.63). It is worth to mention that the annealed and IE samples is slightly more brittle 
than the IE glass. The annealing grows the hardness of glass while the toughness is 
practically constant; consequently, the brittleness (Hardness/toughness) increases. 
The larger brittleness makes the glass more prone to surface damages. From this 
perspective, the annealing is rather unhelpful for strengthening. One may note that the 
strength degradation of chemically strengthened glasses is rather more important than 
increasing the compressive stress build up on the surface [72]. The following part deals 
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with the relaxation of stress on the surface on the surface of the glass immersed in the 
molten potassium nitrate.  
 
Figure III-60 Weibull distribution of the failure load for as-cut, Annealed (Ann),  ion exchanged 
(IE) and annealed and ion-exchanged (Ann-IE) glass; the Weibull modulus (m) for each 
distribution is also shown. 
3.3.3  Stress build up and relaxations 
The produced compressive stress determines the final strength of ion-exchanged 
samples. Chemical strengthening is usually conducted by immersing glass in a molten 
salt bath at elevated temperatures below the glass-transition temperature; this also 
causes stress degradation because of the stress and structural relaxation [21, 66, 73].  
The estimation of the compressive stress produced on the surface few minutes after 
the glass immersion in the salt bath is difficult. The experimental data is based on the 
birefringence of light in the glass; this usually occurs at a depth about 1-3 µm beneath 
the surface [104, 105]; consequently, measuring the stress produced in the very first 
minutes of ion exchange is impossible. In this study, we use the stress relaxation trend 
in order to find the initial stress produced on the surface before the relaxations 
phenomena. Cut samples were immersed in a molten salt at a temperature between 
400 to 450°C for a duration of 4-16 h; then, the compressive stress produced on the 
surface and its case depth were measured.  
Figure III-61 shows the surface compressive stress measured by a stratorefractometer 
(section 2.3.2 ). The coordination is a linear coordination using the stretched 
exponential model (Eq. 1.29) :  
ln 𝜎𝑅 = ln 𝜎0
𝑅 − (
𝜏
𝑡
)
𝛾
      (3.8) 
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where R and R0 are the surface compressive stress and the zero time, or initial,  
compression, respectively; t and being the time and the relaxation time, and  is the 
stretching exponent [70, 77].   
The stretched exponential model represents the stress relaxation (short-range 
relaxation) by = 3/5. Also, it represents the long-range structural relaxations in glass 
if  = 3/7 is used. The experimental data was fitted using both numbers to check the 
variations of the dominant relaxation process by changing the ion exchange 
temperature.  
Figure III-61-a shows the experimental data and the fitting curves based on the stress 
relaxation on glass, = 3/5.  Table 17 summarises the estimated parameters. The 
“zero-time stress” increases slightly by increasing the temperature. The generation of 
stress at zero time is dominantly governed by the stuffing of larger potassium ions into 
the glass; therefore, the zero-time stress increase is related to the increase in the 
amount of exchanged potassium in the glass surface; we reported before that the 
potassium exchange for sodium increases slightly with temperature and, 
consequently, the stuffing of ions improves a little bit (Figure III-47 and Figure III-50). 
However, the zero-time stress of samples treated at 450°C, which is significantly larger 
than the others, is more likely related to the generated error during the estimation 
because of the validity limit of the model. Nevertheless, by excluding the data 
corresponding samples treated at 450°C, one can assume that the “Zero-time Stress” 
in this glass equal to 330 MPa.  
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Figure III-61 Compressive stress generated on the surface of glass versus the treatment time; 
the experimental data was fitted by (a) stress relaxation model (= 3/5), (b): structural relaxation 
(= 3/7) and (c) by considering the “zero-time stress” equal to 330 MPa.   
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The relaxation time of samples treated at 400°C is 20 orders of magnitude longer than 
the rest of samples. At such temperature, the glass structure is stiff, and the structural 
modifications occur over a very long time; therefore, the influence of stress relaxation 
is hidden by the stress build-up.  
Table 17 Zero time and relaxation time constant estimate by fitting the experimental data using 
=3/5 
Ion exchange temp. (°C) Zero time stress (MPa) (s) 
400 323 3.761026 
412 326 1.99106 
425 335 8.56105 
437 332 3.75105 
450 376 8.16104 
 
Figure III-61-b presents the surface stress data fitted by assuming the stress loss is 
due to the structural relaxations, = 3/7. The zero-time stress is slightly larger than the 
case of stress relaxation model with the relaxation times  of 7.3104 to 5.4106 s. 
The relaxation time due to the structural modifications is longer than the stress 
relaxation; therefore, one can conclude that the stress degradation on the surface is 
governed by the stress relaxation and the structural modifications have a minor role at 
lower temperatures, as expected.  
The experimental data is also fitted with Eq. 3.8 and assuming the zero-time stress is 
the same for all temperatures, 330 MPa. Figure III-61-c shows the experimental data, 
and the fitting curves generated based on constant initial stress. The lines 
accommodate all points, especially, the data corresponding to 450 °C. Table 18 
provides the stretching exponent corresponding to the fitted data presented in Figure 
III-61-c. 
The exponent factor corresponding the samples treated at 400°C is zero, which 
represents stress build-up at such temperature as the dominant phenomenon. Though 
glass relaxation occurs at any temperature, the stress loss due to the relaxation is so 
slow, and in practice it is not possible to characterise ( Table 17). Increasing the 
temperature activates the relaxation mechanism and the stretching exponent becomes 
similar to the value attributed to the long-range relaxation, =0.43. At higher 
temperatures,  becomes larger. Cation Induced Relaxation of Network (CIRON) may 
account for the long-range modification of glass at low temperatures [53, 54]. The 
structural relaxation occurs by breaking and forming new bridging oxygens to make 
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space for larger potassium ions diffusing into the glass [1]. This may occur by long-
range changes in structure rather than changing the bonding angle of silicon-oxygen 
tetrahera. By increasing the temperature, the Si-O network becomes less stiff which 
allows the bending of structural elements (Si-O tetrahedral unites).  
The stretching exponent of samples treated at 450°C is close to the upper limit of =1; 
this representing a simple exponential decay of stress in glass due to the viscoelastic 
behaviour in which stress degradation is faster than stress build up because of stuffing 
potassium in glass.  
Table 18 Stretched exponent of relaxation model,  , and the corresponding standard error of 
fitting curves shown in Figure III-61-c   
Temperature (°C) 
Stretching exponent 
 SE 
400 0.0 0.1 
412 0.5 0.1 
425 0.7 0.2 
437 0.6 0.1 
450 0.9 0.0 
 
A good fit to the viscoelastic properties of glass against temperature is obtained by 
using Vogel –Fulcher expression[70]:  
ln 𝐴⁡ = 𝐴0 −
𝐵
𝑇−𝑇0
     (3.9) 
where A is the property depending on temperature; A0, B and T0 are constant, 
respectively. T is the absolute temperature. Figure III-62 shows the relaxation time as 
a function of reciprocal temperature. Considering the narrow temperature window of 
ion exchange process, T0 is considered zero to ease the measurements; furthermore, 
the temperature was normalised by the glass-transition temperature. The glass 
viscosity was measured using beam bending technique5, modified to fit the samples 
dimensions (Section 2.3 ). Figure III-63 shows the glass viscosity as a function of the 
normal reciprocal temperature (Tg/T). If we consider the analogy between the 
relaxation time and viscosity behaviour, it is interesting to note the difference between 
the slope of the linear fits to the viscosity and relaxation data. Despite the rudimentary 
                                                                        
5 ASTM C1350 
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means of measurement and approximation, the relaxation time is more dependent on 
the temperature than the viscosity. Although Burger’s model has been reported to be 
successfully applied to creep and stress relaxation [71], using such models for the 
relaxation of ion-exchanged glasses, especially during the process, requires 
meticulous care.   
 
Figure III-62 Relaxation time as a function reciprocal normalised temperature using Vogel-
Fulcher model  
 
Figure III-63 Glass viscosity as a function reciprocal normalised temperature using Vogel-
Fulcher model; Note: the second vertical scales are marked from the primary axis to ease the 
conversion to engineering scales.  
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It is of industrial interest to consider the degradation of the strengthened glass when it 
is subjected to elevated temperatures during application in techniques like roll-to-roll 
processes. Figure III-64-a shows the compressive stress of ion-exchanged samples 
at 425°C for 4h, and afterwards kept at 350°C for several minutes. The compressive 
stress declines very fast, and the relaxation follows simple exponential decay; 
moreover, the case depth of stress increases. The improvement of case depth is due 
to the diffusion of potassium inward the glass from the surface; consequently, the 
concentration of stuffed ions on the surface decreases and the surface compression 
declines.  
 
Figure III-64 (a) compressive stress on the surface of ion-exchanged glass at 425°C for 4h and 
kept at 350°C against time; (b) the corresponding case depth in samples 
One last thing about the stress generation and relaxation on the surface of the thin 
glass is about the case depth of surface compression and the treatment time. Figure 
III-65 shows the case depth/the glass thickness of samples reported in Figure III-61 
against the square root of time. As expected from Eq. 1.13 the case depth depends 
linearly on the square root of the time of treatment. As a technical point, it is worth to 
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note that the samples treated either by  400°C-16 h treatment or by 425°C-4 h 
treatment show a very similar compressive stress on the surface; one may expect that 
the final mechanical performance is also the same. Performing an ion exchange at a 
lower temperature for a longer time might be useful to avoid the effect of impurities like 
calcium on strengthening (as discussed in section 3.1.3 ).  
 
Figure III-65 case depth of compressive stress produced by ion exchange on the surface of thin 
borosilicate glass as a function of treatment time.  
 
3.3.4  Influence of post-ion exchange heat treatment 
Though chemical strengthening augments the mechanical resistance of glass, the 
strength becomes scattered and less reliable (Figure III-51).  Several efforts have been 
made aimed to improve the reliability and decreasing the flaw sensibility of chemically 
strengthened glasses. Some of these methods are devoted to move the maximum of 
compressive stress from the surface inward the glass and making the contact 
damaging tolerable [4, 166-169]. However, the implementation of engineered stress 
in thin glass is difficult, especially when the thickness becomes less than 300 µm and 
the glass contains surface flaws [170, 171].  
Stress relaxation can be exploited to improve the glass strength as well as its reliability 
[172-174]. Figure III-66 shows the compressive stress of thin glass treated at 500°C 
by immersing in the molten potassium nitrate. The annealing was carried out in the 
molten salt to prevent the decrease of surface compression because of the changes 
of surface composition. This method, also, improves the heating rate of glass surface. 
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The surface stress declines with subjecting to the heat treatment at 500°C; the 
relaxation time, in this case, is two orders of magnitude smaller than the samples 
subjected to the long ion exchange at 400-450°C.    
 
Figure III-66 Surface compress of samples ion exchanged at 425°C for 4h and heat-treated at 
500°C 
Figure III-67 shows the case depth of samples annealed at 500°C as a function of 
annealing time; as expected, the case depth of annealed glass is slightly deeper than 
the strengthened sample at 425°C by single-step ion exchange. The case depth 
increase is a linear function of square root of time, which is the typical behaviour of a 
diffusion-governed process like ion exchange.  
 
Figure III-67 case depth of compressive stress in samples heat-treated at 500°C  
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Figure III-68 compares potassium concentration profiles measured near the surface of 
heat treated samples. Because of the short treatment, the depth of layer in samples is 
almost the same and is similar to the depth of ion-exchanged samples at 425°C for 4h 
( Figure III-48). However, the shape of potassium concentration profiles changes after 
annealing for 20 min. A layer with a constant concentration of potassium is formed 
beneath the surface, this is related to the fast penetration of potassium into the glass. 
The relaxation rate at the surface increases with increasing the temperature; besides, 
the relaxation is faster at the surface of glass. One may note that the heat treatments 
at 500°C are probably responsible for the decline of compressive stress near the 
surface and, consequently, the formation of a maximum in stress profile at a certain 
distance from the glass surface. The hardness of sample measured by 0.98 N load is 
presented in Figure III-69. The heat treatment is clearly responsible for the decrease 
in hardness of glass which is, perhaps, related to the change in the local structure of 
glass and, consequently, the elastic recovery during unloading. The annealed glass is 
subjected to high temperatures and, therefore, its structure becomes similar to the 
structure of an as-melt glass with equivalent composition (the relaxed structure, CEAM 
glass). The hardness of silicate glasses decreases with increasing the atomic number 
of alkali ions; consequently, the hardness of ion-exchanged samples decreases when 
the surface layer is stress-free [175].  
 
Figure III-68 Potassium concentration profiles measured near the surface of thin glass ion 
exchanged at 425°C for 4h and afterwards heat-treated at 500°C  
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Figure III-69 Vickers’ hardness of samples heat-treated at 500°C after subjecting to in 
exchange at 425°C for 4h; the indentations were performed by using load =0.98 N, dwelling 
time= 15 s. 
The bending strength of samples treated by ion exchange and heat treatment is 
presented in Figure III-70 using Weibull plots. The strength of ion-exchanged glass 
decreases by heat treatment at 500 °C for 2, 5 and 20 min.   
 
Figure III-70 Bending strength of thin glass ion exchanged (425°C-4h) and annealed at 500°C   
The failure load corresponding the failure probability of 63 % is considered as the 
characteristic strength, CS, of samples. The ratio of the characteristic strength of 
treated samples to the ion raw glass, CStreated/CSRaw, is used in order to assess the 
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influence of the treatment time on the final strength of samples.  Table 19 summarises 
the characteristic strength ratios and Weibull modulus.  
The samples treated for 5 and 20 min shows similar strength and Weibull modulus, 
which is also expected from the concentration profiles reported in Figure III-68. 
Exposing to the elevated temperature, near the glass-transition temperature, causes 
stress relaxation which deteriorates the glass strength.  
Table 19 Weibull modulus and  Relative characteristic strength of heat-treated and ion-
exchanged glass  
 
Weibull modulus 
Relative characteristic 
Strength 
Value SD Value SD 
Raw Glass 6.6 0.3 1.0 0.0 
IE at 425°C    ,     4h 4.9 0.4 2.6 0.4 
IE and Ann.        30s 6.5 0.8 3.2 1.1 
IE and Ann.    2 min 6.9 0.7 2.4 0.5 
IE and Ann.    5 min 4.2 0.5 2.1 0.4 
IE and Ann.  20 min 5.1 0.4 1.9 0.2 
 
The heat treatment for 2 min increases the Weibull modulus; however, the 
characteristic strength is not compromised. The limited relaxation on the glass surface 
may account for the improvement of the Weibull modulus by generating a maximum 
stress beneath the glass surface which is in agreement with the mentioned behaviour 
elsewhere [21].  
The samples immersed for 0.5 min (30 s) in the molten potassium nitrate at 500°C 
show a relatively larger characteristic strength and Weibull modulus. The samples 
were directly immersed in the molten salt from room temperature; therefore, the salt 
solidified and melted in very few seconds after the immersion. As the treatment 
temperature is close to the glass-transition temperature, the surface of glass 
experiences the structural relaxations and the glass structure becomes more similar 
to the CEAM structure. However, due to the limited time, the relaxed layer is limited to 
few microns. A schematic draw of the relaxed layer formed on the surface of ion-
exchanged glass is illustrated by Figure III-71.  
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Figure III-71 Schematic of the formation of relaxed glass with CEAM structure on the surface of 
ion exchanged samples 
The molar volume of CEAM glass is larger than the raw glass or ion exchanged [17, 
63, 73]. Therefore, the very first layers of glass undergo the compression by stress 
build up due to the volume and thermal expansion mismatch between the layers; this 
can reinforce some of surface cracks and improve the mechanical resistance. We can 
estimate the compressive stress on the surface by considering the analogy to stress 
build up in enamels. The biaxial compressive stress, , in the surface layer due to the 
volume mismatch is given by:  
𝜎 =
𝐸
1−𝜐
(
1
3
.
Δ𝑉
𝑉0
)         (3.10) 
where E and  are elastic modulus and Poisson ratio, respectively. V0 is the molar 
volume of ion-exchanged glass, and V being the molar volume difference of ion 
exchange with CEAM structure and as ion exchange glass [63]. The compressive 
stress is estimated about 700 MPa which is twice as large as the surface compression 
produced by ion exchange. This method can improve the mechanical performance of 
thin glasses; however, implementing designed stressed profiles is not straightforward 
and  requires more studies. One last point about the influence of the relaxation is that 
the short treatment can relax the stress in the vicinity of the crack tip and make the 
crack less influential.  
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3.3.5  Summary  
Ion exchange was conducted in order to improve the mechanical performance of thin 
borosilicate glass; it augments the glass strengthen and improves the damage 
resistance. The produced compression the surface by potassium exchange for sodium 
prevents the formation of median/radial cracks surrounding the Vickers indentations. 
Although annealing prior to ion exchange densifies the glass and increases the surface 
compressive stress, it has no evident influence on the final bending strength. 
Conversely, heat treatment at 500 for 30 s improves the strength; this is probably 
related to a limited structural relaxation near the surface of glass. Such procedure can 
be exploited to improve the strength of thin ion-exchangeable glasses; however, it 
requires more studies.  
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Chapter IV. Conclusions 
This thesis investigated the potassium for sodium ion exchange in soda-borosilicate 
and alkali borosilicate glasses, especially those used in pharmaceutical packaging or 
thin flexible products, with the aim of improving the mechanical performance. It 
demonstrated that potassium/sodium exchange is a practical means of improving the 
strength of alkali borosilicate glass. This chapter summarises the key findings of this 
study, explains the key implications and comes up with suggestions for further studies.  
 Na/K exchange in soda borosilicate glass 
We first examined the feasibility of performing Na/K ion exchange in order to increase 
the strength of soda borosilicate glass. Afterwards, the influences of the treatment 
temperature, the glass composition, salts impurities and contaminations on the surface 
residual stress, the case depth of compression and the bending strength have been 
studied.  
Potassium for sodium ion-exchange on the surface is responsible for the production 
of surface compression of 35050 MPa, which makes the glass twice as strong as 
untreated samples. It was found that the changes in the calcium oxide amount of glass 
affect the final case depth of exchanged layer; however, the impact of surface flaws is 
more dominant than the parameters like treatment temperature and sodium poisoning 
of salt. Conversely, a few amounts of calcium in the salt bath forestalls ion exchange 
and chemical strengthening. Calcium has an overwhelming influence on ion exchange 
due to the preferential absorption to the surface from the thermodynamics point of 
view.   
 Electric field assisted ion exchange of borosilicate 
glass  
Test tubes made from soda borosilicate glass were subjected to electric field assisted 
ion exchange in molten potassium nitrate, and the influences of the electric field 
intensity and its polarisation on the formation of concentration profiles near the glass 
surface were investigated.   
Applying electric fields speeds up the Na/K ion exchange and produces thick chemical 
concentration profiles near the surface of the glass with a shape similar to a step 
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function. Electric field intensity plays a crucial role in the exchange of ions and the 
formation of concentration profiles. It determines the depth of ion-exchanged layer by 
affecting the structural modifications. Micro-Raman studies showed that the amount 
structural units of glass, Qn species, are modified in a manner facilitating the 
movement of alkali ions, sodium and potassium, in the glass.  
The energy favoured condition of electric current through the movement of charge 
carriers with the same diameter is probably responsible for the formation of potassium 
concentration profiles in the both sides of glasses subjected to the electric field 
assisted ion exchange by inverting the E-field polarisation or applying an AC E-field.  
The compressive stress generated on the surface of soda borosilicate glass by electric 
field assisted ion exchange is significantly larger than the conventional ion exchange. 
The surface compression prevents the formation of median/radial cracks as well as 
lateral cracks during Vickers’ indentations. Moreover, due to the geometry of studied 
samples, the inhomogeneous stress distribution of compressive stress can be 
neglected. It was found that the generated compressive stress by electric field assisted 
ion exchange augments the bending strength of glass if it is compared with the 
conventional ion exchange process regardless of the scattered strength of samples. 
The electric field assisted ion exchange is, surely, a practical step towards improving 
the mechanical performance of the borosilicate glass used in pharmaceutical 
packaging.  
 
 Chemical strengthening of thin alkali borosilicate glass 
Na-K ion exchange and chemical strengthening of alkali borosilicate glass were 
studied by checking the effect temperature on the replacement of sodium on the 
surface with potassium and the formation of compressive stress. Then, the 
enhancement of mechanical performance was considered by checking the bending 
strength and the fracture mechanics during Vickers’ indentations. Afterwards, the 
stress and structural relaxations in glass have been studied and employed as a post-
treatment step in order to increase the bending strength of ion-exchanged samples.  
By conducting Na-K ion exchange at 425°C for 4h, a compressive stress of 33020 
MPa is generated on the surface; the surface compression has a depth about 20 µm 
which can reinforce the surface flaws and increase the strength to three times as large 
as the untreated samples. The limited ion exchange at lower temperatures and stress 
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relaxation at higher temperatures account for the lack or the degradation of 
compressive stress on the surface and the consequent strength decline. 
Samples treated by ion exchange show significantly high damage resistance to the 
formation of radial/median or lateral cracks during Vickers’ indentation as a measure 
of the material vulnerability to damage: no cracks have been observed in the treated 
samples.  
It was found that the densification of glass by annealing for 16 h at 425°C prior the ion 
exchange results in a small but apparent increase in the generated stress in the glass 
surface by ion exchange; however, no meaningful increase of bending strength was 
observed. The minute improvement of final strength in samples annealed before ion 
exchange made such treatments useless from the industrial standpoint.  
The structural relaxation of glass is responsible for the surface compression 
degradation at elevated temperature and the relaxation in the glass surface occurs 
two orders of magnitude faster than the bulk glass, as expected. The expansion of ion-
exchanged glasses by relaxation towards the structure of the compositionally 
equivalent as melt glass (CEAM) during a rapid heating and cooling can be used to 
make the surface residual stress larger. We demonstrated that the immersion of this 
glass for 30 s in a molten potassium nitrate at 500°C increases bending strength by 
40 %. 
 Implications and future research 
Sodium-potassium ion exchange is an appropriate and practical method for improving 
the bending strengthening of borosilicate glass used in pharmaceutical packaging 
because of the significant amount of soda in such products. The process can be easily 
implemented for the packaging products regarding their shape; furthermore, because 
of the minor influence of sodium poisoning on chemical strengthening, the salts used 
for chemical strengthening of soda lime silicate glasses can be exploited. Conversely, 
the calcium contamination is critical as it affects the chemical strengthening.  
The chemically strengthened glass contains heavier alkali ions on the surface; 
therefore, the chemical durability of glass such as hydraulic resistance and possible 
reactions with the medicine is an issue which should be undergone scrutiny before 
using this treatment for applications like auto-injectors.  
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Despite the strong compressive stress produced by electric field assisted ion 
exchange on the surface of the borosilicate glass, which improves the damage 
resistance of glass, handling and cutting the final product requires meticulous care 
because of the imbalanced stress. Nevertheless, electric field assisted ion exchange 
strengthening is a promising approach to augment the strength of glass, especially the 
articles in packaging with a cylindrical shape.  
The governing mechanism for mass transfer changes when an E-field is applied. It 
seems that when an ion-exchanged layer contains two alkali ions, there is the split of 
current flow depending on the invading ions into the layer. Therefore, using AC E-
fields is a good strategy aimed at producing balanced stress profiles in glass; however, 
understanding the glass corrosion in a nitrate salt under E-field is a must for 
implementing such a strengthening process.  
Thin borosilicate glasses can be subjected to the very fast heating up and cooling 
down cycles; this makes it possible to exploit the glass structural relaxation at high 
temperature for enhancing the final mechanical performance of thin glasses treated 
by chemical strengthening. Still, several points such as the mechanism of relaxation, 
the distribution of the residual stress on the surface and damage and impact resistance 
of glass should be studied.  
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Appendix I: Thermodynamics of molten salt 
The exchange of sodium and potassium between the glass and the molten salt can be 
considered as a reaction in which the cations are swapped between the anion units 
such as oxide ( O2-) and nitrate (NO3-).  The decomposition of an alkali nitrate or alkali 
earth nitrate, yields alkali or alkali earth, cation attached to an oxide species, which is 
required for the exchange process. Despite the naïve assumptions of this paradigm, it 
can be employed to estimate whether slats cations remain in it or have a tendency 
towards exchange. 
The reaction of a nitrate salt composed of “Am+” ions can be written as:  
𝐴(𝑁𝑂3)𝑚 = 𝐴2 𝑚⁄ 𝑂 +𝑚𝑁𝑂2 + (
𝑚−1
2
)𝑂2                 (i)            
therefore, the reaction corresponding to the exchange of two cations, Am+ and Bn+, like 
sodium and calcium, can be considered as following:  
𝑛𝐴(𝑁𝑂3)𝑚 +𝑚𝐵2 𝑛⁄ 𝑂 = 𝑚𝐴2 𝑚⁄ 𝑂 +𝑚𝐵(𝑁𝑂3)𝑛       (ii) 
Gibbs free energy of reaction (ii) can be calculated and considered as a measure for 
the replacement of cation in the salt and, consequently, ion exchange between the salt 
and glass. It should be noted that some of the nitrate salts, like calcium nitrate, 
decomposes at elevated temperatures, which must be considered for the estimation 
of the free energy of reactions. Nonetheless, most of the salts used in chemical 
strengthening are stable at the treatment temperature. In the following tables, the 
thermodynamic data of the decomposition of salts used in the research is summarised 
[176]. 
Table 20 Thermodynamic data of the decomposition of calcium nitrate 
Ca(NO3)2=CaO+2N2O(g)+1/2 O2 
T(K) H° (kJ) S° (J/K) G° (kJ) 
298.15 369.49 427.39 242.068 
400.00 367.07 420.26 198.881 
500.00 363.57 412.71 157.216 
600.00 358.94 404.30 116.361 
700.00 353.15 395.40 76.372 
800.00 346.16 386.08 37.295 
900.00 337.95 376.43 -0.833 
1000.00 328.50 366.48 -37.918 
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Table 21 Thermodynamic data of the decomposition of caesium nitrate 
2CsNO3=Cs2O+2N2O(g)+1/2 O2 
T(K) H° (kJ) S° (J/K) G° (kJ) 
298.15 731.91 422.03 606.08 
400.00 728.65 412.70 563.57 
500.00 714.94 381.37 524.25 
600.00 708.68 369.95 486.71 
700.00 674.77 319.68 450.99 
800.00 668.05 310.69 419.49 
900.00 661.97 303.53 388.80 
1000.00 656.50 297.76 358.74 
 
Table 22 Thermodynamic data of the decomposition of potassium nitrate 
2KNO3=K2O+2N2O(g)+1/2 O2 
T(K) H° (kJ) S° (J/K) G° (kJ) 
298.15 693.95 418.52 569.17 
400.00 690.38 408.31 527.06 
500.00 674.22 369.54 489.45 
600.00 669.04 360.07 453.00 
700.00 644.73 320.58 420.32 
800.00 640.19 314.52 388.58 
900.00 636.17 309.77 357.37 
1000.00 632.16 306.02 326.59 
 
Table 23 Thermodynamic data of the decomposition of sodium nitrate 
2NaNO3=Na2O+2N2O(g)+1/2 O2 
T(K) H° (kJ) S° (J/K) G° (kJ) 
298.15 584.17 425.02 457.45 
400.00 579.77 412.55 414.75 
500.00 572.25 395.90 374.30 
600.00 531.89 324.81 337.00 
700.00 520.46 307.27 305.37 
800.00 509.68 292.87 275.38 
900.00 499.45 280.82 246.72 
1000.00 489.72 270.56 219.16 
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Appendix II: Electric field assisted ion 
exchange in soda lime silicate glass  
Part of this chapter has been published in: 
 
Ali Talimian, Gino Mariotto, Vincenzo M. Sglavo,  
Electric Field Assisted Ion Exchange Strengthening of Borosilicate and Soda Lime 
Silicate Glass, 
Int. J. App. Glass Sci. 2017; 00:1-10. 
 
************* 
The intention of this chapter is to demonstrate the feasibility of electric field assisted 
ion exchange on soda lime silicate glass. Potassium for sodium and caesium  for 
sodium ion-exchange, the formation of chemical concentration profiles and stress build 
up by ion exchange are studied here. 
I Introduction  
Soda lime silicate glass plays a vital role in the engineering applications, so several 
works are dedicated to the improvement of the mechanical strength of glass. Although 
many efforts have been made to study ion exchange with the aim of improving the 
mechanical performance of glass, chemically strengthened soda lime silicate glass is 
less commercialised and used in limited applications such as architectural designs or 
furniture, in practice. The limited case depth of glass and, therefore, damage 
vulnerability of the treated articles are the main drawback of ion exchange 
strengthening of soda lime silicate glass [1, 3, 7, 17, 20].  
We demonstrated that by electric field assisted ion exchange strengthening, 
potassium concentration profiles with a large depth of layer can be produced in 
borosilicate glass (section 3.2 ). In this study, we investigate the influence of electric 
field assisted ion exchange for producing such profiles in soda lime silicate glass.  
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II Material and method 
Soda lime silicate (SLS, AR-Glas) glass tubes used in pharmaceutical packaging with 
an outer diameter of 9.8 mm and the wall thickness of 1 mm, bought from SCHOTT 
AG, were used in this part. The chemical composition and the glass-transition 
temperature of glass, measured according to the procedures given in section 2.3 , are 
summarised in Table 24.  
Table 24 Chemical composition and transition temperature of the glass tubes used in this work 
 
Chemical composition (wt%) 
Tg(°C) 
SiO2 B2O3 Al2O3 CaO MgO BaO Na2O K2O 
Soda 
lime 
silicate  
 
69.0 1.0 4.0 5.0 3.0 2.0 13.0 3.0 525.0°C 
 
The tubes were ultrasonically washed with water and acetone, and afterwards air dried 
at 105°C overnight. These test tubes had no rimmed end; therefore, tubes first 
grasped by alligator clips; then, they were immersed in the molten salt. Ion exchanges 
were conducted by the same procedure to the mentioned one in section 2.2.2 . The 
E-fields were applied for 300s. Some samples were prepared by immersing in molten 
caesium nitrate salt ([Na]< 0.001 wt.% and Tm=398.9 °C) at 46515 °C.  In order to 
avoid the thermal shock, the test tubes were kept over the salt bath for 20 min before 
and after ion exchange. Samples were characterised regarding the mechanical 
properties and the chemical composition as mentioned in section 2.3 .  
III Results and discussion  
III.a K/Na exchange  
The current density as a function of time for tubes subjected to E-field ion exchange 
in molten potassium nitrate is shown in Figure 0-1. The variation of current density is 
virtually similar to the borosilicate samples presented before in section 3.2.1 . 
However, when a 1000 V.cm-1 E-field is applied, the current density is equal to the 
applied current density limit (8 mA cm-2) for almost 60 s; then, it declines continuously 
with time. Interestingly, the current density passing through the samples is equal to 
the current density limit when the maximum applied field is 2000 V cm-1. The higher 
current density in soda lime silicate glass is related to the larger concentration of 
sodium, which is the charge carrier in glass (13 wt.% of Na2O vs. 7 wt.% in 
borosilicate).  
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Figure 0-1 Current density against time in samples immersed in molten potassium nitrate and 
subjected to E-field varying between 100 to 3000 V cm-1. A current density limit equal to 8 mA 
cm-2 is applied.  
Figure 0-2 shows the potassium concentration profiles produced by E-field assisted 
ion exchange in soda lime silicate tubes. The concentration profiles are almost similar 
to borosilicate samples.  It should be noted that the depth of exchanged layer is slightly 
smaller which is due to the limited time of ion exchange (300 s vs. 600 s). 
Nevertheless, the thickness of layers produced by applying 1000 V cm-1 is 
substantially similar to the depth of layer produced by conventional ion exchange at 
450°C for 4h. There is a discrepancy between the actual depth of ion-exchanged layer 
in samples treated by applying 2000 V cm-1 measured by EDS line scans and the 
estimated values from the current density curve. Considering the fact that the glass 
used in this study consist both sodium and potassium, the penetration of potassium 
through the potassium site with a similar mechanism to the proposed on in Figure III-33 
for the mass transfer might account for such a discrepancy in the depth of exchanged 
layer.  
Figure 0-3 shows the diffusion coefficients of potassium estimated from the 
concentration profiles by fitting with Eq.1.21. As expected from the concentration of 
the alkali ions, sodium and potassium, the mobility and, consequently, the diffusion 
coefficient is large in soda lime silicate glass than the borosilicate test tubes. 
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Figure 0-2 Relative potassium concentration profiles for tubes subjected to electric-field 
assisted ion exchange (EF-IE) at 400°C (Figure 0-1), and conventional ion exchange at 450°C 
for 4h 
Moreover, by applying a certain E-field, the diffusion coefficient increases to a higher 
value. The threshold for the diffusion coefficient jump is clearly smaller in the case of 
soda-lime silicate glass, which is probably related to the different glass composition 
and structure.  
 
Figure 0-3 Apparent diffusion coefficient of potassium in the glass against the applied E-field 
Figure 0-4 shows micro-Raman spectra collected on the soda lime silicate test tubes 
in the region between 200 and 1800 cm-1.The spectra involve three main regions 
containing peaks corresponding to silicon-oxygen bonds. The broad peak from 200 to 
600 cm-1 is mainly attributed to the bending/stretching of the Si-O-Si bond [145]; there 
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are three peaks at approximately 480, 570 and 630 cm-1 assigned to the bending of 
Q4, Q3 and Q2 units, respectively [144, 145, 148]. The successive peak, located at 800 
cm-1, is attributed to silicon vibrations in its tetrahedral cage with oxygen [75, 144, 148]. 
The last group of peaks appears between 850 and 1350 cm-1 and is attributed to the 
scattering associated with vibrational stretching modes of  Q1, Q2, Q3, and Q4 species 
in silicate glasses [144, 146, 147, 150].  
 
Figure 0-4 Micro-Raman spectrum collected from the raw soda lime silicate glass before EF-IE 
Figure 0-5 shows the 850-1250 cm-1 Raman band of the spectra measured on the 
samples treated under an electric field of 2000 V cm-1; the spectra were recorded from 
the exchanged layer near the surface, and from the glass bulk which is far from the 
layer undergone ion exchange. The peak intensities were used as representative of 
the concentration of species in the glass and the amount of Qn species was estimated 
according to the procedure described in section 3.2.3 ; the relative concentrations of 
species are summarised in Table 25.  
The amount of Q3 species in ion-exchanged layer increases by around 10% and the 
concentration of Q2 and Q4 decreases by 5%. This change can be related to the 
structural modifications during the movement of ions, known as Cation Induced 
Relaxation of Network (CIRON), and hosting large potassium ions in sodium positions 
[53, 150]. This phenomenon is quite the same as the observed one in the case of 
borosilicate glasses.  
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Figure 0-5 Micro-Raman spectra in the region of 850 to 1250 cm-1 taken from the glass bulk and 
edge ( EF-IE): Soda lime silicate glass; (a) bulk, (b) ion-exchanged layer 
Table 25 Relative concentration of Qn species in glass estimated from Raman spectra in Figure 
0-5; numbers between parentheses show the random error cumulated upon fitting 
 
Soda Borosilicate 
Bulk Edge 
Q1 10.6(0.4) 8.4(0.8) 
Q2 29.9(0.9) 24.9(0.3) 
Q3 37.0(0.2) 44.6(0.1) 
Q4 22.5(0.4) 22.1(0.0) 
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III.b Cs/Na exchange  
The current density against time for the soda lime silicate samples subjected to EF-IE  
in molten caesium nitride are presented in Figure 0-6. The current density 
corresponding the samples subjected to the electric fields of 100 and 200 V cm-1 is not 
reported because of the small values and the significant corresponding error. 
Interestingly, the current density curves are, overall, similar to the curves regarding 
the potassium exchange for sodium in glass. It should be mentioned that the 
penetration of caesium into the borosilicate samples are very limited and, in fact, no 
exchange happens with the same process; therefore, the corresponding data has is 
not reported.  
 
Figure 0-6 Current density against time in samples immersed in molten caesium nitrate and 
subjected to E-field varying between 100 to 3000 V cm-1. A current density limit equal to 8 mA 
cm-2 is applied. 
Figure 0-7 shows the X-ray spectrum collected by EDS analysis from the inner and 
outer surfaces of glass tubes treated by applying E-field of 500V cm-1. Sodium and 
potassium are replaced with caesium in the surface. The measurements were 
conducted with an acceleration voltage of 20 kV and excitation of Cs-K was not 
possible; therefore, the estimation of the concentration of elements was accompanied 
by a significant error and in practice impracticable. Nonetheless, the EDS analyses 
clearly show the exchange of potassium and sodium on the surface with caesium.  
One may note that the peaks attributed to calcium and barium are located near the 
adsorption edge of caesium [86, 89]; hence, the IE sample shows no significant peaks 
on corresponding those elements.  
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Figure 0-7 EDS spectra recorded on the outer and the inner surface of soda lime silicate glass 
tubes  subjected to EF-IE in caesium nitrate containing. The spectrum corresponding the raw 
glass is shown for comparison; (a) outer surface, (b) inner surface 
Caesium and potassium concentration profiles measured near the outer surface of 
tubes subjected to EF-IE are shown in Figure 0-8. Caesium concentration profiles 
resemble a shape similar to the profiles collected from the Na/K ion exchanges 
samples (Figure 0-2). The depth of exchanged layer is larger than the depth of layer 
in potassium exchanged layer; it is probably due to the higher temperature of 
treatment. One interesting point about these samples is that potassium is piled up in 
the end caesium rich layer. Potassium is less mobile compared to sodium and, 
therefore, the drift velocity of potassium ions under an electric field is smaller than 
sodium. When the glass is subjected to an E-field, the potassium layer must be moved 
for the penetration of caesium. Therefore, the formation of potassium and its 
movement inward the glass governs the ion exchange process; this is, perhaps, 
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responsible for the identical current density behaviour of caesium to potassium. 
However, further studies are required to understand how the potassium ions influence 
the penetration of caesium into the glass.  
 
Figure 0-8 Relative caesium and potassium concentration profiles for tubes subjected to 
electric-field assisted ion exchange (EF-IE) in caesium nitrate at 465°C; (a) E-field = 500 V cm-
1, (b) E-field=1000 V cm-1 and , (c) E-field=2000 V cm-1 
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III.c Mechanical performance  
Figure 0-9 shows typical micrographs of indentation imprints produced by Vickers’s 
diamond with load of 19.62 N on raw soda lime silicate, ion exchanged at 450°C for 
4h in potassium nitrate by conventional process, and subjected to EF-IE in potassium 
nitrate and caesium nitrate. The raw glass exhibits the radial/median cracks and lateral 
cracks which appeared from the light birefringence surrounding the impression. The 
conventional ion exchange is responsible for the limited extension of radial/median; 
furthermore, the produced compressive stress on the surface prevents the formation 
of lateral cracks. We see that no cracks are formed in the samples treated by EF-IE; 
this reveals the presence of a strong compressive stress on the surface which is 
produced by EF-IE.  
 
Figure 0-9 Vickers indentations, (19.61 N) on the soda lime silicate glass tubes: (a) Raw tubes, 
(b) conventional ion exchange; EF-IF under 2000 V. cm-1 in (c) potassium nitrate and (d) 
caesium nitrate 
The compressive stress on the surface of samples are estimated from the LOAD-
DISPLACEMENT curves recorded during the indentation of samples with a maximum 
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load of 500 mN. The compressive stress in the samples at a depth of 1-2 µm from the 
surface is shown in Figure 0-10.  
Potassium for sodium ion-exchange conducted by conventional ion exchange 
produces a compressive stress about 500 MPa in samples; conversely, when EF-IE 
is carried out, the compressive stress improves to about 800 MPa. The limited time of 
ion exchange and the lower temperature compared to the conventional ion exchange 
prevents the stress loss because of  relaxation and, therefore, the residual 
compressive on the surface of EF-IE samples is larger than the conventional ion 
exchange [73].   
 
Figure 0-10 Estimated compressive stress on the surface of tubes using the LOAD-
DISPLACEMENT curves of Vickers’ indentation 
Stuffing the larger caesium ions in the glass produces a higher compressive stress on 
the surface, about 1.5 GPa, compared to potassium-sodium exchange. The 
compressive stress generated in samples is significantly less than the estimated stress 
from Eq. 1.28. The discrepancy between the predicted stress and the practical value 
is related to the problems is measuring LNDC of glass. It is worth to mention that when 
the silicate glass network undergoes compression (such as compressive stress build 
up due to the stuffing of ions), at a certain pressure, the glass densifies and no more 
stress is generated. The elastic limit for soda lime silicate glass at room temperature 
is reported about 7 GPa [150, 177]; we expect that the elevated temperature at which 
the EF-IE is carried out decreases the densification threshold and stuffing of caesium 
caused densification of the silicate structure.  
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Figure 0-11 shows the bending strength of test tubes treated by ion exchange. 
Conventional ion exchange augments the strength of samples. To our astonishment, 
the strength of samples is not improved by electric field assisted ion exchange despite 
the enormous compressive stress on the surface. The surface of test tubes contains 
large flows that can hinder the influence of the presence of compressive stress on the 
surface.  
 
Figure 0-11 Bending strength soda lime silicate glass tubes subjected to ion exchange 
treatments in different conditions; mean value, 25th and 75th percentiles, maximum and 
minimum values are shown. 
Figure 0-12 shows a typical fracture origin in test tubes treated by electric field assisted 
ion exchange (Cs/Na exchange). The fracture started from a surface defect that 
extends to about 100 µm which is considerably deeper than the depth of exchanged 
layer produced by EF-IE; therefore, the defect front is located in the tensile stress 
zone. If we assume that the stress profile follows the chemical concentration profiles, 
we can roughly estimate the balancing tensile stress of samples. By considering the 
surface compression and its depth about 1.5 GPa and 50 µm, respectively; the 
balancing tensile stress distributed across the sample (1000 µm) is about 70 MPa 
which is significantly larger than the stress reported for the conventional ion exchange. 
More studies are needed to investigate the influence of the large and inhomogeneous 
compressive stress produced by caesium exchange for sodium in soda lime silicate 
glass.  
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Figure 0-12 Typical facture origin in treated samples with EF-IE; the surface flows are 
contaminated by a large substrate  
IV Conclusions  
Electric field assisted ion exchange, EF-IE, accelerates the Na/K exchange in soda-
lime silicate glass. It produces step-like profiles with a case depth comparable with a 
conventional ion exchange at 450°C for 4h. The structural evolution of soda lime 
silicate glass during EF-IE can be described by the theory of cation induced relaxation 
of network, CIRON.    
Electric field assisted ion exchange is also an effective technique for caesium 
exchange for sodium. Stuffing caesium in alkali sites of soda lime silicate glass 
generates a titanic compression stress compared to the conventional ion exchange 
strengthening.  
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